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Lecture Organization Preface 


When Feynman started this lecture series on astronomy as he referred to it, it really 
emphasized the astrophysics more than "classical" Astronomy. He did not have a definitive 
roadmap of his topics over the ensuing 40 weeks with 2 hours a session weekly. 


As I have been reviewing and preparing these notes for release, I have been inserting more 
current findings, particularly for space observatories, to relate Feynman's lectures to today's 
"view" of the universe. Feynman's lectures covered a broad spectrum of topics which provide 
the reader with a rich foundation in the Astronomy, Cosmology and Astrophysics. 


I undestand and appreciate the significant advances in astrophysics and cosmology that 
have occurred since the time these notes were created and look forward to those whose 
knowledge and experience can add to the content herein. 
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‘Clearly these lecture topics have been superceded by tremendous theoretical and experimental work 
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When Feynman was giving these lectures on astronomy, astrophysics and cosmology he was learning 
the material/subject matter as he was presenting it. In typical Feynmanism he went after the physics and 
then used the math language to explain the underlying physics. 


On numerous occasions he would start off on the blackboard and work his way across until his 
mathematical development was not correct. He would stop and stare at what he had done then walk 
back to find out where he had made a mistake. The math was not coming out with the right physics 
which he somehow intuitively knew. Maybe it was a first order assumption; a near field or far field 
simplification or maybe an integral expansion error. To observe him stop and correct himself in real 
time was to observe a genius in action. 


in astrophysics and cosmology. | have attempted to insert some updated and related material that can 
be found readily on the web. Where | have inserted a wikipedia reference, | have attached their 
spherical logo. | would expect those who are engaged in the subject matter here will be able to 
contribute and expand on the new related material. | have included these "emended" additions without 
attempting in any way to correct or change Feynman's original lecture contents. A more professional 
errata/peer review would be of value but something that | leave to the reader & reviewers. 


if [ae 

“us ol 
Wiki Logo ew $ 
used with insert *% , 


Se 
Ete) 


Along the way I have elected to insert some imagery/pictures from current ground and space observatories 
where it seemed appropriate. Again, hot links to videos and other professional sources would enrich these notes. 
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The references here were my supplement to the lectures. Feynman never called out a 
reading reference 


I have updated my notes here in an attempt to insert some of the interesting experimental 
discoveries that have come about since this lecture series was presented in the '66-'67 time frame. 
Our venture into space have opened our perspective on the complexities of the universe and our 
place in it. Communication satellites caused Penzias and Wilson to "tune" into the microwave 
"noise" degrading our earliest global satellite services. Advanced electro-optical sensors and 
telescope, e.g. Hubble, opened our eyes to the wonders and mysteries of the universe. 
Sophisticaed microwave receivers permitted us to tune in more precisely to the subtlies of 
earliest structures of the universe after the "Big Bang" was discovered. 


Our earliest ventures in space for global communications and national security purposes 
unlocked the window into our understanding of Cosmology, Astrophysics and Astronomy. For 
all those who took up the exploratory and theoretical journey into the unknown, these notes 
might provide an interesting historical perspective on how far we have come in our 
understanding of our universe and our place in it. I would invite those engaged in such 
fascinating pursuits to emend these notes with their findings and thoughts. However, always 
remember my goal is to preserve the true Feynmanism in these 1966-67 lectures. Feynman had a 
lot of fun with these lectures and it was certainly a rare treat to sit in and capture his talks. 


LECTURES in, TheoreTIcAl Physics, AstroP hy SICS And WEAK INTEY ACTIONS 


CHAPTER | 


The Nature ot The 
hEcTurés 


The Lecwres wrth srart wiTh The UNIVErSE: coveriNo The oriGin; 


MOVING ON To The GALAXIES, STARS, The sum, our SoLAT SYSTE™, And 
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Farthest/oldest Galaxy Galaxy in a nebulae-NCG 922 


Hubble 2.4m space telescope 
"eyes on the universe" 
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Hubble Deep Field HST - WEPC2 


PRC96-01a - ST Scl OPO - January 15, 1996 - R. Williams (ST Scl), NASA 
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EXPLANATION IS That IW The PAST LIGhT was different 
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Experimental Cosmology-inserted here for a historical update-jtn 


A year prior to this lecture series in 1966 the "big bang noise" was measured byArno Penzias and 
Robert Wilson working for Bell Labs at the time. In the early days of geosynchronous 
communication satellites very large ground receiving antennas with low noise "frontends" were 
needed to detect the "signal" from the noise. It was unclear where a spurious noise was coming so 
the two went outside to measure the noise which seemed to come from all over the sky. This 
experiment was not motivated by pure science but rather investigating new communication 
technology. Here is a picture of the experimental facility using a large horn antenna: 


What was measured was an "isotrophic"” microwave radiation 
that appeared to be "global" and appeared as a 
"monochromatic" picture of the sky: eco Hahei 


Microwave BACKGROUND 


The 1978 Nobel Prize in Physics 

was awarded to Penzias & Wilson for 
their discovery. It was, however, 
Robert Dicke who explained the 
significance of their isotrophic finding. 
Dicke was in search of the same 
experimental basis for the "Big Bang". 


The experiment left the perplexing question: without any anisotrophic structure left by this 
background radiation where were the "seeds" that gave birth to the galactic & stellar structure? 


It was nearly 25 years later that NASA launched the COBE satellite to try to answer this question. 
This satellite was the first generation of advanced, highly sensitive differential microwave 
receivers followed by WMAP and more recently ESA's Planck satellite. 

Most significant, however, was COBE's first results anxiously awaited for by the cosmological 
community. What COBE produced was a anisotropic image of the "unevenness" of the 3 deg K 
blackbody radiation: 


This expected finding but nevertheless a challenging 
satellite payload design at the time(late 80's) earning 
George Smoot and his NASA colleague, John Mather, the 
2006 Nobel Prize in Physics. 

On a side note here: As it turns out in 1962, George and I 
happened to be in the same high school physics class. 
Each of us pursued physics in our own way but found 
fascination and enjoyment with our choices & pursuits. 
George's interests had him apply space technologies to 
"look" outward and my focus was downward looking. 


With the COBE success both NASA and ESA planned and deployed more advanced microwave 
sensors and detectors, specifically the NASA Wilkinson Microwave Anisotrophic Probe, WMAP, 
and ESA's Planck satellite. 


WMAP's improved microwave sensors and its unique operational orbit out at "L2" provided not 
only an improved map quality of the microwave background radiation that COBE detected but it 
also discovered other rather remarkable features of our universe. Here is an image of WMAP's 
improved anisotrophic mesurements: 


WMAP provided a the following important 
cosmological and astophysical findings: 

I include them here because of the significant 
implications of all of the the findings on cosmology 
and our understanding of our universe. 


WMAP's Top Ten- source: http://map.gsfc.nasa.gov/ 

NASA's Wilkinson Microwave Anisotropy Probe (WMAP) has mapped the Cosmic Microwave 
Background (CMB) radiation (the oldest light in the universe) and produced the first fine-resolution (0.2 
degree) full-sky map of the microwave sky 

WMAP definitively determined the age of the universe to be 13.75 billion years old to within 1% (0.11 
billion years) 

WMAP nailed down the curvature of space to within 0.6% of "flat" Euclidean, improving on the 
precision of previous award-winning measurements by over an order of magnitude 

The CMB became the "premier baryometer" of the universe with WMAP's precision determination that 
ordinary atoms (also called baryons) make up only 4.6% of the universe (to within 0.2%) 

WMAP's complete census of the universe finds that dark matter (not made up of atoms) make up 
22.7% (to within 1.4%) 

WMAP's accuracy and precision determined that dark energy makes up 72.8% of the universe (to 
within 1.6%), causing the expansion rate of the universe to speed up. - "Lingering doubts about the 
existence of dark energy and the composition of the universe dissolved when the WMAP satellite took 
the most detailed picture ever of the cosmic microwave background (CMB)." - Science Magazine 2003, 
"Breakthrough of the Year" article 

WMAP has mapped the polarization of the microwave radiation over the full sky and discovered that 
the universe was reionized earlier than previously believed. - "WMAP scores on large-scale structure. By 
measuring the polarization in the CMB it is possible to look at the amplitude of the fluctuations of 
density in the universe that produced the first galaxies. That is a real breakthrough in our understanding 
of the origin of structure.” - ScienceWatch: "What's Hot in Physics", Simon Mitton, Mar./Apr. 2008 

WMAP has started to sort through the possibilities of what transpired in the first trillionth of a 
trillionth of a second, ruling out well-known textbook models for the first time. 

The statistical properties of the CMB fluctuations measured by WMAP appear "random"; however, 
there are several hints of possible deviations from simple randomness that are still being assessed. 
Significant deviations would be a very important signature of new physics in the early universe. 

WMAP has put the "precision" in "precision cosmology” by reducing the allowed volume of 
cosmological parameters by a factor in excess of 30,000. The three most highly cited physics and 
astronomy papers published in the new millennium are WMAP scientific papers--- reflecting WMAP's 
enormous impact. 


The Planck Satellite improved further on WMAP's performance & measurements: 
http://www.esa.int/Our_Activities/Space_Science/Planck/Science_objectives 


Back to the Feynman lectures in 1966: 
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ANd Goes ON ETC. SO Phere PhOTON ExPErrleNcEes INF inUTELY poe are ted 
Shiffs by The nNmE WE SEE iT: Ther Atl Add up TO The Red ShdT we see. 
Since The N€bulAe ARE So CLOSE WE CAN INTEGrATE becAuse There 1S 
NO TeLATIVISTIC VEeLocInNESs INUOLVEd, . 


Se we now see The PhoTON PAST ALONG ITS PATH which tS Curuéd 
AN ThiS cASE. We uisuAariteé IT AS The Sollouw'Ine: 


Wn ernay 


AT Somé TIME Tr The Frequency (S Wn; when Ce, 


GOING To tns, > Wnt, We HAVE The relATomship 
beTOEEN These Two fre QueNnci€s AS 


Cnet = Wri-v) 


Where V 18 Tre difference in VELOCITIES From 
GOING TO Whee, RELATIVE Velocity, = €(t) 
We cAN DiffeMeENTIATE This To GET, 


du) = -VWdn rays 
Now we WANT TO KNow WhAT V IS for one SPACING. MSEC WE Die ems 
V= €(t) 
Then d ; 
<< Edt = ge 
dE Ct) € 
This follows Svom our eArlier result, dn= dt 


€(t) 


AZ. 


SeotvinG This EQUATION we GET 


An w= Ane 


OR Wemr — Cem 


OO rec Erec 


And AGAIN The SPACING AT EMISSION ANd recePnoN 1S Preserved 
IN The SAME TANO we SEE The wahvelenctTh shift 


How To DETETMINE The APPARENT TOISTANCE De 


To ANSWEY This QVESNON WE SEER To FIND Tre ANGLE which we 

S€€ The between TWO DISTANT oObsECcT. This TIME, however, WE MUST 
CONSIPEr The LtGhT 1S benT TO GeTher becHvSE OF The GrAUITATNIONAL 
PULL of Tre MATIET beTWEEN Tre PATHS, 


FOR The CRSE of AN GHPAMBHES UNIVETSE, 16, O74 The LlenT will 
COLLAPSING 2 


be bent BACK go WE FirsT ASK how MANY NEbLLAE There Are ovr 
TO Our obsect IN UNITS Of W. AS mennoned Before If WE KNOW 

The ANGULAR SEPATATNON of TWwW0 AdJACENT NEbuLAE The Ad@ is 
UNChANGEd wiTh T becAuse The FLY OUT TAdGIALLY AS We watch Them, 
This MOTION Preserves Ther OrremAL SPACING. 


WE oOricimALLY DEFINED The PCOPER DisTANCE IN The followine MANES. 


L 
6 a ary 
This retANoONsShiP IS TEPLACED wiITn 


A > 
Thus Ag = ACY) which 1s comsTANT for cach Y and W depends 
wich NebulAE pou Pick ,NOT ON TIME. One WAY To GET 
AN ESTIMATE ON AD 1S Then T consider vAiform EXPANSION ANd 
TRRE Our ExPresSioNS for T And t,6, 


R= BWC Coshe-1) 
ts a CaAuUh ©-e@) 
\f we LeT The expowenTial Terms POMINATE WE CAN APPROXIMATE Ad 


Ap= scl < swwhyp 


We conclLube Then Tre APPARENT DISTANCE of The ObsecT DZ 15 
De = A(coshO,-1) SINhY 
\le cAN Tie This) resort Te Tre red shift by our rnesulT 
ON PAGE QI ine, 
- R(t) _ Cosh@o-! 


ee 


R(t) Cosho, -1 
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ReturNING to The LUMINOSITY ATGUMEWT AGAIN Wwe KNOW ThaAT 


D4 = R(t) SINh CO0-@1) 
beckvS€E WE JOST Proved iF SINCE ROCK) F QCcosh@r-t) ANd yp Go-O. 


The ofienat Wwten sity es ThAT The NebuLA SENT OvT ITS LIGhT 
sPprenAdS out ThrovGh sPAce im ALL DIRECTION. As The emiter Seens 
The UtGhT FAde AWAY AS The DISTANCE Grows, The APPATENT 
PISTANCE Which we Are AT AS he SecS vS IS Dy. This DisTAWCcE 
we €frlier found To be, 


Dye Roe) py = ZDa 
Re) 
SINCE The WV 1S Tre SAme our Sinh Wp AtoumenT tS The SAME and 


Sch h—> € (to) , we CALCULATE The AppATeNnT Luminosiry A 5 


As Lo 


\ 


! 
(Dy) z ¢ 
This iS The SAME RESULT ON PAGE IS. 
And Pe 2s 


To clear up Some of The CONFSION WHICH WAS AriseN over The 
ParnculAr form ot The webul Ar SPACING , hE, 


= # 
Where Ex 18 SOME STANDATA NEbot AT SPACING AT Time Q. 


The reASON wher we chobs—E The a frllowS From ovr Discussion 
ON PAGE ZI. There we SAW ThaT W conveniently expressed 


The difference beTWween Oem And Orec. 

SINCE We hAveE ThaT dn= adap and w is INde pende wT of 
x 

The iNfINITESIMAL SPACING E(t), Further we Aroued ThAT dn= 3st 


€CY) 
Com bin Ine These tector we have 
dt 2 ady 
Ete) Ex 
or 
St . @ Et) 
dp €x 


BuT ALSO ON PACE % we hAd ECT) = Ex (cos he - 1) 


Then 
eo dt — a (coshe-!) 


— 


dy 
SINCE , w= aCsinho-©) => dv = alcoshe-i)de 
we hrnhvue de my | => p= Oxzmitt - Orec 

dV 


AY 


“é _6M 
We coutd have choSén to solue Flt)= ye different if we 
had TAKEN, 


T= Tx (1- cose) 
Y= ale-pwme) 


CONTINUING A SIMILAT DEVELOPMENT AS STAITED ON PAGE 1B we hAvE 


dr= txp~wme dt = Q(1- cose) 
Tt = dr - Yx an Oo 
d adt—-cose) 
H = ¥ Pa Tx Amo = HCt) 
¥ act-cose)” 
T>d¥ 2 dt do 
v 8 dt 
dees 4 ea = Ame (Ame) | 2 ry ( coset) 
de oO © I-cose)* & Ct-cose) > 
yi.dr — on Tx " m “ Yr 
t tC- eer mae 
a* (l-cose) a. yt 


What we wootd realy LIKE out ot This cASE 


(iS The TelANONShiIP 
oF The red Shift ZT The Oo. 


Acain ANALOGOUS TO The ArcomenT 
On PAGE Zl, 
Zz AG-_ ACI- Cosee) [- CoS@.o 
At a1 -cose ) |- cosG@o-P) 
where OQ: Oo-wp 
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The NExT LOBICAL QUESTION To ASK AbooT The red SHi4T 1S, “Ho w does 


IT CHANGE with Time?” To STATT This TePIC WE WrtTE DOWN, 
z (Oo) = Wem eas ECT) = coSh @o-! 


GO) rec €(%) cosShe.-] 


where Wwe most puT ww 61> Go-P since we Are cowcerned About 

The PréSENT ObServAbLE ced Shift for AY Given Y, Lé, Two AdsacenT 

NEbolLAe Watched. 

cosh Go -/ 

Z(0o) = ea 
cos h(@o-p) - | 


So wWhAT Wwe WANT 15 


“dt lo 
which can be obTHINGd by 


dz. o dZ. dO. a eee .c— 


“a ” do dts a (cosh@o-!) dO. 


d 2(Oo) _ [gosh(ee-P) -1 | 5th 8. ~ [cosh ©o-t] SINh (Oo -¥P) 
Be 
[cosh (@0-¥) -1]* 


The 07 
: dz. a ee | om (&) — corh ( Se *)| 
'] 


dt " q[cosh (Oo-P)- 


From Twis reSutt We cAN deTermine Tre ved Shift ALWAYS 
has A NEGATIVE deriv Ative And RAPIDLY ChANGING AT The B CGINNING 
Bur StowS DOWN ANd COASTS TO O AT oO 

TniS YeSulT EXPLAINS WhY Tre LINES on The 

Leff fieure (PAGE Zo) ATE Curved INITIALLY buT 

become ASYMPTOTICALLY STrAIGhT ASTer A LONG osth 2 

TIME. THiS IMPLIES A CONSTANTLY EXPANdING UNIVETSE 


4 
4 
A Simitarn AfGUMENT CAN be deve loPed “Ya 
for ge Jc COS®o0 : t 
|- ¢os( @0-W) Ov 


Cot Qo 
2 Oo- p 
This corres ponds to : 
Our COLLAPSING Og 
UNIVETSE AS Shown 
bY The oThey S1oure Seecin 
ow PAGE 20. . i 


Go 
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TATE of ChANWoE of The redsHiST miohT be 


The Exact form of The 
INUOLYUE DP, So 


. ALUMLE PL2ZZLING AS TO he MATHEMATICS SPECIFICALLY 
~~ We will ATTEMPT To clarify? it here, 


AS STATED, dz dz 
dt oan) d8. 


dinh Oo. _ pirh(oo-p) cosh o-') 


CoSh 80 - | se 
Sarre aan v 
[coshleo-y) -1] 


coshGo- ¥)-! coSh (Oo- W)-! 


a 
o \o 
o 


paunwh (Qo-W) Ccosh a 


a3. | DuhGo 
It & (woshOo-1) L sosh(eo- Pp) -1 [eos h(Be-) -1 [* 
= \ DiwhOo _ mh (8o-¥) 


a [cos 10 o-¥) -t] cosh Go - | cosh(Go-W)- t 


20 
Now cosh Go-! 2 awk ei 
Sink a(S) So Be pumh & cosh & 
8 c:) 
oo ee Sinh ©o Z dunks cosh = ’ Coth “4 
saa cosh Oo~! 7 gsinh’ & 
hikKEwss € _ 
sinh(oo-P) s COoTh = 
cosh (80-Y)-1 
(2) = 
Fina? dé s — ge — COTh Z| 
dt al[coshte-p)-t] 
FormAlly €xPArd ino INTO EXPONENTIALS : om ay Cea 
u zu 
es “& es 
— “Sa (oor) 
et =¢e2 u 


oad le = ero) be 
+ 


When Oor0 = Wa 


dz = fe) ° 
at lazo are 


\n 
\ 
\n 
-— 
(l 
§ 


Oo0= Cc "p= CowmsTHANT 


ae jet = © Sechuse The denomwator 
at Q( 00 +0) goes to INSinrty Faster 
Then Te diferemct 6065 TOO. 


A6 & 


The No. of NEbulLAE LnTh A red Shift below WaT COTTE SPONdING 
To A CEYTAIN Wn is simety, 


Ce simp dry 


Fort The COLLAPSING UNIVEerse The NO. of Nebulhe below Wu ts 


a Sin tap dap 


Siwce WP 1S A Fowcnon of Go itserf we conclune ThaT There Are 
MANY WEebulkE Which we dow'T See le AS TIME GOES ON WE 

Scé MOTE ANd More NEbUL AE. This corresPonds to The first INTEGTAL. 
We Misht Think of IT TiS WAY LiohT must LUFT ITSELf UP ANd OUT To 
GeT AWAY From iTS Source. As we TVACE BACK ALONG The rar we 

CRY CO SO FAr Then Lose IT becAUSE The densely PACKED MATIEr 
Deflects Tne beann. AS TMG Gees ON ANd EVER THING SPLEAdS 
OuT , Tre dewsity decreawSe , LiohT 18 AbLE TO ESCHPE SO WE See 
More fd more NEbULAE. If We WAIT INFINITELY LONG Then, We 
Will see AtL of Them, 


With The LATEr CRSE Above The resutTS ATE More FNISKTE NING 
becnvse There is A Fimte Tame Whew we See ALL The webulhe 
Add TWAT'S Whew The hAVE cCOoLLAPSEd ToGe Ther And Then we 


dow'T cAYTE THAT WE SEE Them ALL. 


We woud Now LIke TO TALK AbovuT The relArivistic determimAnon 
of Light beinw beat by The SUN [E., IT IS deflected Rwlce AS 
MUCh AS WhAT NEWTONIAN MECHANICS PrEDICTS. It TurwSs ouT 
LiGhT 1S bemT Peoice AS Much. We moSt deTermine how tar 
APATT TWO ADYACENT Nebotae are for A Given wy nnd Then 
Follow The LiehT ACK TO US PoIwT by PoINT AS 1T IS bewT 
bi The stuff between The rays. 


The APPAYENT ANGULAY SEPACATION AW 15 ag 


Ad: L 7s 8 we ere ON SSF Es 
“Dy cement Beam ,un bewl 
L. = S€PpArATION AT The proper Time 
Bane 


Dez stInhW E(%H) AS Found ONE PAGE 723 
$iG. iS 


rePLacIne Lo by Y The height ANA Oi by Oo-W 
Ag ~ _X_ 
Sinhyp a} cosh(6o-y)-1 | 


Tus differentia, can be SOLVED ANd Comseguently WE cANw deduce 
bACK to The imiTiAL PoINTS. 


£7 


Now we Know The Light Enercy E(t) becnuse we Know 17S 
Fre Qvuency CCE. P26). Thus The 


Le: P 
E 


ANGULAYT sePATATION IS — 


Where P= Trans VErse Momentum 


For short distHnces The SLOPES ATE SMALL $0 Wwe CALCULATEOS The 
OrdINARY YATE of ChANGe co The helehT WiTh TIME To Find, 

dy = - Py 

OE 
ANd 1T shootd fortlouw 


d Py . Galt)? Ett 
“dt Z 


where The force oN Te hbefm iS DLE To The CYlinoer of MATIET 
CWTRINEH be TwEEN The Live SEGMENTS ON The PreuvlouUs DiftoerAM. 


If we Ke The crtinder TO have YAdIUS Y Awd dens ITY @ ANd 


IGwore MARTE OoT Side we WRYVE by GAvSS' Theorem 


Gt re = Preld any 


WiTh The bouwnAry conditnons That Y=l At TO And Y=0 

At €=% we Should be ALE TO SotUE The DIFF- O's bur 

we Fiwd IN Dome So, WE ATE Off by AFaACTOR of 2. We musT have 
dPy , GeCTIyY Etr) «2 
dt Z2 

where ects x €¢r)? 


This result foltows From The renlitANoN THAT The enwercy And 
Momentum combine To Give A FICcTor of Twice The nevoToniaAw Eewerer 


In TniS Proof we ASsuMEed WhAT WE Wanted To Prové bet PID 


Somé hand WAVING becAuSE There 1S MO SIMPLE WAY To GET 
ThhT 2 tN There. 


Hoyre’sS Theord 
Rovlé Proposed A. STeEndy- STATE Model by 


= -F¥ =-] 
<2 


AS&umEe our varifAble 

IN which The MOTION of MATTEY IS KINE MATICALLY 
Derermined. Every Whine Looks The sAme To him at ait Times because 
AS Tne UNIvEerse EXPANDS MATTEr IS cCreATEed, N@bulne ev0Lued, 

ANd The uniformity Preserved, ThiS Theory Assomes The Y tS 
EXPONENTIAL WTR TIME SO There 15 TOOM for The New 


4 
MATTET To be Dropped’ IN. The Luminosity MusT fem AIN UNChANGEed 
Since The Older NEebul HE ATE HLT dbrighTEr, 


The Trouhl€ with Tars Theory tS Tnwar aT tS Teo Precise frid  Therehore, 
NOT credible, tr desTvorvs The conservation of twreroey for Tre 

SAKE of ERPLAINING cosmoLooy, IT cequives, SurTher, mater exceed The 
sveed of ULGhT, By saving Tre crennen 


18 $0 $lOuy 17 15 
WMéever Observed The AtrGumEerT seem 


ridiculous, 
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Other Theories 


When Emstetn Siest discussed Cosmoloey he introduced A 
UNI form NEGATIVE Pressure Which had NO cAUSE-. This 

he did becnhuse he had wo red ShifT and The webuine were 
MONON LESS SO To PrevenT The UNivErse From COLLAPSING he 


Added A ‘Cosmoloeicat Term' To The Equation of MoTIOM 


AS A NEGATIVE Pressure which Pushes Every THING ouT 
THUS SAVING The DAY, 


The Wobble found The recessio wat RelLANOWMShips of WelociTY 
ANd Red Shift And EINSTEIN WAS happy To See His Term Go. 
Some STILL CLING TO IT Thoveh ANd deduce by i That Tre 


UNIWETSE 1S OSCILLATOTY. THATIS, The PtESSUre Lorcesy Thre universe 
ouT After (Tt COLLAPSES, 


In physical cosmology, the cosmological constant (usually denoted by the Greek capital 
letter lambda: A) is equivalent to an energy density in otherwise empty space. It was 
originally proposed by Albert Einstein as a modification of his original theory of general 
relativity to achieve a stationary universe. Einstein abandoned the concept after the 
observation of the Hubble redshift indicated that the universe might not be stationary, as he 
had based his theory on the idea that the universe is unchanging.[1] However, a number of 
observations including the discovery of cosmic acceleration in 1998 have revived the 
cosmological constant, and the current standard model of cosmology includes this term 


In physical cosmology and astronomy, dark energy is a hypothetical form of energy that 
permeates all of space and tends to accelerate the expansion of the universe.[1] Dark 
energy is the most accepted hypothesis to explain observations since the 1990s that 
indicate that the universe is expanding at an accelerating rate. In the standard model of 


cosmology, dark energy currently accounts for 73% of the total mass—energy of the 
universe. [2] 


Two proposed forms for dark energy are the cosmological constant, a constant energy 
density filling space homogeneously, [3] and scalar fields such as quintessence or moduli, 
dynamic quantities whose energy density can vary in time and space. Contributions from 
scalar fields that are constant in space are usually also included in the cosmological 
constant. The cosmological constant is physically equivalent to vacuum energy. Scalar 
fields which do change in space can be difficult to distinguish from a cosmological constant 
because the change may be extremely slow. 


aq 


CHAPTER 5 


The Generar Theory of REdATIVITY ANd Hoos IT AffecTS ASTromow? 


Ins ACTUALITY The effects of TelLATWWITY LPOW ASTrOWOMY ATE TEALLY SMALE desPITE 
WhAT Some PEOPLE BELIEVE. BuoT WhAT (5 Trere (5 ETY INPorTANT IN CErTAlW 
COSMOLOGICAL DISCuSSIONS Awd The interPerTRNON of Gravity 


Mme PATH To yelLATuITy STHRTEd , of COOSE WITR NEWTON Rod his Laws 
TCLATING Forces Awd Accerer ANONS be MASSES 5 Then The NEXT rmPorTANT 
CONTYIibYTION WAS the EXpLAPATON St ELECTRICITY VI MAKWELL », The 
MicheLSow Morley €xPerimenT of The SPeed of Light » Ad Fiwaury The 
TELATIUISTIC TEL ATNOWShip beTwEeen Accelerated Add TEST MASSES. 

Tas brief A WiSTericAl ovo@tline. 


\r Paved The WAN for AN ALTETANON OF NewTons GrAUITY LAW IN 

Such A WAY ThAT MAXWELLS EQUATIONS pemaAin INVATIAT We, The NEW 
GyAVITY LAW will be reLATWISTICALLY INVATIANT. The: Problem can be 
Solved LAboeriously NON-FTeLAUISTIcHILY but Esters did iT SO 
EleQuew Fly THAT peoPlé didnot see The oTher Goiunow for A tome Time. 


When Lookime BACK Ow PAST PhYSICAL Discoveres we oltew AS ‘ Ghee 
Why DION'T he Triwk of That? but wiTk €mmsTein The Proper QoEesTiow 
IS‘How Te hell did he ThinKof tT so fast?" This ereat AréumenT US 

So Perfect (T Wns NEVE weenw Sd TO Solved OTher Physical Probtems. 
This 18 PerhAPS dve To The Geometrical InTeyPEYTATION of Grauty which 
Now® ONE CAN UNIAUVEL INTO pwonm-GtometTiIcAl ATGCOMENTS. 


To SMT The Theor’ séeT forth be EimsTem by DISCUSSING Hields. The 
S$ietd ENErGY due Tr Two Sources Si ANd Sr 185 GIVEN by 
= Ss $2 
E> 2&5 


where Tur ts The Separatiow disTANce beTWEeerm Si Awd Sr 
Now $ierd ARE ClASSISied IM The folLlowiING MANNER: 


scacar , Q 
vector , Aa 


TENSOR j Tay 


’ 


hiGher otder 
TewSors 


The vecror Fietd Au we nave A Good KNowledoe) Thev Are Thine § 

LUKE The vector PoTewTyAl IN El€ctromAoweric Freld Theory, Alt 

the other fields have been Theorited boT we Mnow only The ove 

for cex tri. | 

The ScALAY foetd hrs wo ExaAmpre AS MenTIowed And would Netessi TE 
R Chuse without nw effecT wecnvse The velocity of MoTIow Would 

thee eqguat TW The speed of LiehtT. 
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The TeaisorS Are Also TheoreNcCAL comcepTS which have A Possible 
INTE PETTATION wich WE will Go INTO. First however, we 
CAN EXPRESS The relANuISTIC NATUTE OF These fields yw The followine MANNES: 


SCALAR Si = So fire 
VECTOR Si = Sé 1 


TENSOR S$; * 356 


eras 


From These €Quanons Which We ASSUME To be True bot crw be derive The 
vector AA€Ld disPLAYS The ALYEADY KNOWN Jrct ThAT LIKE ChaArvoes re Pel, 


BY ThiS ProperTY ALDNE we Throw oo&f Ts Fretd AS describine 
OYAOITY CTherwiSe EvervryThing urould he STuck TtoceTher. 


While Wwe can ATGvée ThaT A GAS IN hich MoO MOTION hAS AM WEIChT 
ProPporNow Al TO ITS eEnwero® CONTENT WHICh IS A mMENSore OF The 
PACKING SrACTON WE conclude The fletd would cHLSe The SYSTEM TO 
WEIR More SINE E E=mct ETC. BY Obsevruime The scAtar fretd 

We SEE The Fretd will GceT SMALLER WiTR INCTERSEd VELOCITY, 


tr mosT be Thrown ouT AS A POSSIbLE FEePrEeseN TATION of fF GrROITATONAL 


SrEld. 


We ATE comfrowmTEd wilh The first Tensor Fieid Tay which GeTS 
heauier iy JOSTPhe rlehT Manner AS PrESCribed by The Above 
EQUATION. Thus we have ntoved That The fretd source mid everc? 
comTent of Tre SYSTem ARE EQufl Avd lend To A orautTANONAL fied 
of The desired NATE. 


Where im E-M Theory The charce 18 comserved find which Leads To 
The invariance of The VecToR POTENTIAL LE, 


Aw Aw t V 
where Vis some GrardienT wt Add fwd Preserve conmservATOn 


We Expect ANY ANALOGOUS CONSET VATION of Source of Ewerey To be 
CEPLESENTEd SomeETAING LIKE 


Thy = Tuy + Via he + Why 


Thos The eweroy 15 A TEPSoR, 


BuT Tis 1S wo reAL surprise becnuse The ewerby dewsity ts 
AR Tewsor of the 2 rate nnd The fietd source can be related 
TO The STressS Tewsor, 
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We Now come T AN INTEFesRNG QvESTON Twat beine The relAnonwship 
beTwEeeEnN The Gr AVITATIONAL Flétd Awd The ENEroY ConTHintdm in The field. 


IMAGIWE A box wiTh A DYMPhELL SePPorTed Ry A MASSLESS fod 
whtich !§S Then pulled APATT, 1 E., EweroY 1S PUT WTO The SisTem 
So 1f You Lef Go The BAILS would EAP TOCEThHEr GOING off heAT. 


™m™ Mr ™m, Mme 
be tore After 


Before The stretch \& You weieh Tre box You GeT The weiehT of The 
BALLS ANd The Weleht' of The GrAuITANOW AL field Due TO The Artracnon 
otf The TWO RAILS UPON OWE AvOoThER. Now cohen They Are stretched 
APART ENETGY IS PUT INTO The SYSTEM fwd The system should welsh Mone. 
The €weroy PLT IN MUST DBO WoRK ow The GrAVITAMONAL fELd So tT 
'S Fair To ASK WhaT IS oraviTY ? — ENEroY or MATTEL - The AWSWER 
TO This RIS NOT IMMEdI ATE SO WE'LL HAVE TO Go ON# WE MICGhT 
Sum OP This SEcNON bY SAVING GraAvITy Produces ITS ON EffecTr 


EINSTEINS VIEWws 


IN GemeETALLZING NEwTON'’s Theor? of Gravity we must ASSUME The Effect 
FEES INSTANTANEOUSLY WIth ITS CAUSE. BUT The Quesnow IMMEDIATELY ANISES 
ThAT TWiS MenwsS GYAVITY Exceeds The speed of LIGhT. BuT Bhis cANNOT 
be So WE MUST AlTer The GraAUITATIONAL Ffleld Treory to TAKE oN A 


Simitar form AS TYAVELING El€cTromAGNENC WAVES which PropAoAte 
Throoch space AT The velocity @C, 


The vetoary of Lt@hT @ tS A VERY Crincat FuwnAmMenTAL CONSTANT 
TELATING SPACE ANd TNME, tr Gives how: MANY INChes PASS by Per 


TIME INTETVAL. No matrer whhT SYSTEM of UNITS Youre IW The 


INVANANCE 18S PrESErved. Wave PFOPAGATNON 18 OWLY A ConmseQuEence 
OF This invari Awce ANd Thus SAYS ThAT we won'T find AnoTrer C. 


If Licht of GraviTY TrAvered less THAN C, They would Logse Ther 
IwvAriANCcE And If You Shoke @ SYSTEM And Observed IT STMWdING 
sNLL And Then ALY ING By, vou Would GeT Two réEsuTs Ths CAN'T be. 


The Qvesnon immediately Arises “WhaAT Goes AT The speed of 
Licht im The CASE of GraviTy?” Hew bo The forces depend on 
The vetociTies § IN Evectric Fictd Theory we KNow The Force 

OWA ChATCE ModUING WITh A VELOCITY 


iw AN E€LECTYIC ANd MAGNETIC 
Sield ts Gruen by, 


F= Ec) + VX¥Bu) 
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Where we most Kwou The VELOCITY So we CAN find one comPpawenT AS 
A linear SUM of The velocity COMPONENTS, bE. 


Fy s Ex + Vx Ryy + Vy Bxy + We Bug 


Now The GYAUTANONAL ANALOGvVE Involves The USUAL NewTonw An 


Gravity Field PLUS some Liwedr Terms IN The velocity PLUS Then, 
Some QuAdranc Term. This mes The form, 


Gx> F = Cx + Ux Bxx + Upbav + V3 x3 + UEvs Sxyx 4 Va Suny -— 
Where ALL TOLL They 


€ would be nine Terms AS & COWSEQ VEewce 
Gravity bene 


A TENSOR. 

what SINSTEIN did Then WAS To SET OUT To tind The Laws 
oF MoTION ANd The Laws deTErMinine The coefficients. 

WELL, How dip he Do 


IT? IM-sTeAd of hiTor miss Guess work TYPE APPIOACh 
he seT ouT TA ESTABLISH SOME Princi PLES which would sey¥e AS Gul DE PesTs 
He Assumed First retmnuisne 


INVARIANCE And , SecondLy. The Liw mMusT 
Always be True. 


HE BEGAN WIT Tre Three WAYS IN Which NEWTON DETINEd MASS, 
1S MéASored by INEITIA,1.£, RESISTANCE To Monon 
2. MASS Is The FeACNON T A GraAUITANONAL field, hE, IT 1S WEIGkT 


3. How tT Propuces A CrAurMNonAL Freud , We, The Techarove of 
MeASorTE IWTET ACTING Field fod how mensore ERTTH MASS wtTh 
Aid of moon. 


1. MASS: 


To Newton These saib The same Thint® but CiwSTeIn QuesTIOwEed Them ANd 
Asked 4 1T 1s TRWE for ALL TIMES. He Assumed That two awd Three 


WETE EQUIVALENT Since The CAUSAL TelLANonship beTween ACTON And. 
REACTION Fellow trom Them. H : 


€ Then Assumed ‘ONE WAS The SAME AS The others 
ANd INFINITELY ACCOrATE under every CASE. Thos The Previous Box Ateud- 
MENT IN WHICh Moré eneroy 


MPLIEd MORE WEIGHT 
Lorent3 IN VAP IANCE, 
EWSTEIN PRoce€d€d To ChANGE HIS ATGUMENTANON by conSiderg dug, 
NON-UNIform MOTION. WhAT he did was To 


iMTATE GraAvITY by 
INermA, WhAT Tris Lends to 1S hiS famous Principle of EQguivAlence 


Of GrAMTANON ANd INEFTIA. This STATES ThAT There 13 wo WAY 
TO DISTINGUISH The mMoTIoN Produced by 


INECTIAL Forces CAccer ATION, 
recoil, Cewtrifucal forces, ETC) from moTON Produced by Sr RuITANOWAL 
Forces, 


33 


His Atoumenr CENTEred ATOUNd AN ACCELETANNG ELEvATOF 
IN Which KR bor STANdS holdive A RAL ow The End of 

ASPrinG. The force on hid Legs is 
MAsS if hiS Leos Donw'T Give 
SPMNG Go€S DoOUuN 


ProPpormronaAl To his 
in. The BALL ON The 
AS AN upward force IN The 
SPCING ELONGATES, Thus (T 1S Like The batt ts ‘Pulled! 
Down whew tNfact The sySTEmM IS ACCELEY ATING. 


IN Tas WAN GrAUITY ANd ACCELEFATION AYE shown EC@uttenT 
EQUIVALENT. THAT 1S To SAY, MOTION boTh UNi form ANd 


NONVAITORM CAN ONLY be Judced & WIth rESpeECT TO Some 
S¥ysfem of reference.— AbSoLUTE MOTION DOES NOT EXIST. 


AxcTher war To 


Look AT The SAME ThING 15 To Pictre A 
SPACESHIP Above 


The E€ATTRA in Which The accuPANTS Don'T Look 
OT To SEE ALL Tre ObsecTS Go by, If There was A baAtl of WATER 
INt The ship IT Wowldw'T be A bALL buT CATher AN ELLIPsoID. This 


Would be A feSuLT of The tides DUE TO The EATTH. THAT 18 , The €ATTR 
DOESN'T Bpvtl om The wATer EQUALLY CVEryWhere., IT 1S Possible 


To MAKE The orAui TATION AL Held ot CATTH be ZE7TO Choosine 

The rioht AccelLerATNON BuT This is Good for owkY owe Point. If vou 
Mové AWAY A LiTTle BIT from ThaT PomTt of O G'S ythe €ArT will have 
A SMALL COMponenNT, IN € ffecr, A fierd Stout Exists Around That Pow. 


LeokKS some Tung LiKe 


SMALL CompowENT | Resurmmwt Srecd 
| This About Tre Zero pDBind. 


———— i °, 


 ——— oo 


We have owly G@oTTEew rid of The Locat fet 
BY Wis ArouMeENnT. 


EARTH 


Now we ASK ANoTher QUESTION, “WhAT hnpPews To Light Iw A uniform Fret?” 
ThAT 18, we disrecard The slight forces of The Center ANd Thos weclecT 
hicher order Effects. Therefore twerna and reacnow ATE EQUAL LiKe. 

WE 6G BACK To The ELEVATOR ANd PUT A LIGHT ThaT EmuTs a definite Frequencr 

ON The CEILING; Then WE ASK WhAT We See If we're LYING OW The FLOOR 

AS The Elev ATOR move upward wiTK AN ACCELET ATION, cian 
leT The El€vetor hyve side ,L, 


SINCE 1T TRKES A FiniTE TmMEe To receive The PhoTON 

Ar The floor The Floor Moves A SMALL DISTANCE 

TOWATDS The Source or where iT wAS. AT A L 
GIVEN (NSTANMT Lohew WE TAKE 2 =0, The doppter 

ShifT witlL be Te The Purple AS AresutT of The 
ACCELETATON. 


The Time of TrfAversaAL 1s 
L 
Ce 
c 
The velocity of The bottom relATIVE To The Top IS olvEen bY 
Vrer = 9% 
The frequency due To The dopprer €tfecT 13 
= Vret 
oO Wemur [ | + “it 


Therefore, 
tree = Wemtr ( 1+ qt ) 
Ter 


where WE CAW CALL qt The GrAVITATIONAL PoTENTIAL AT heiohtTh L 
oR 

VQ z qb 
Then, Moré ELOQUENTLY 


Wree = Wemur ( 1+ oe | 


VQ has been suppoSedly enperimenrar¥ CAICULATEd bet Since 
Tre resuirs Ate wiThin EF The Amount They wAwT NOT To fAccurATE. 


The frevres ATE SomeThine lresht LIKE Immo sec . Ths WAS Done 
IN A 7S STOrY ELEVATOR Which WAS Sv BIECTEed TD chaAneest doe 10 
TemPerAivre cradienTS FIN The Building. 
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if fw Charce IS ACCELEYANNG Thew IT musT radiATEe. SO If We Throw 
Electron of SomETHING IN ELEVATOR WohATHRppens? 


BY The Theor’ of rAdiAT NG BH Charces due To OSCILLATIONS , The rATE 
of EWETGY KF ADIATION IS 
sees 
dw. % Xk) 
t 3 Cc 3 


BuT when Tre charee ts ACARELEFAMNG There 15 A ahM PING force due To 
TAGVATNION TESISTANCE GILENW by 


F: 2e*y 
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The work Rowe AGAINST This force 18 FR of 
WwW te zer bos o os aer oe oot 
dv, - aS x = =; d (RK K)-% 
at 3c 3c i 


IM A PenoDic MoTION KX ALETAGES To Zero While The second Term 15 
ALWAYS PosITWE berms SQUATEd. So if inTeerATE %* With resper 
To TIME, IT 1S) Possible TO Show That The charce radiATES ENGtCyY 


When iT first Aeecters STATS ANd When iT Stops but wor whil€ IT 
AccétLer ATES. 


An Aside here Alone These Lines eal tolT The InernAn coefficient 
beine EOUVAL To The mechAWIAL INETTNA. lf we cAlcutate me force 


om One part of A ball of charoe due T Olher Parts we GeT 
The Setf-force, 


qu ne Q ece rz ouse 
Fs- Xf XR - FE % + WHER x 4 --- 
ToC ¢ cu 


Ye: Adios charoe 
wa £7 coe fhe erots de pendine v pon Tne ch aroe distri bomows, 


For A sphere %> %3 Therefore f we have tdentified AN ELECTrOMAGWwETIC 
MASS Meier To be 


~ 2e% 
Merec ~ 3 tec* 


Which when mensure The MASS EXPErIMENTALLY MUST be fdded To 
The Mechrrnic AL MASS, LE, 


Mexp = Mmecn + Merec, 


Thus we see Tnntr The weiekT of The fietd must be conSidered. 
Noticeably Problems arise 1f Teo Then F-? © And The chaAreoe 


Btows UP bot we define Poincare Stress or rubber bands To hold 
Every Thwwe ToecetTher, 
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\4 Wwe WANT TO KNOW WhAT Tre diSterewt iw Frequency 1S SAY, AT 
IZooo miLES UP , WE TIE To-GeTher A Mess ol ELEVATOUS of LeNETh 
L ANd wiTh LITTLE holeS To LeT The LIGKT Throvoh. Thos Wwe tenore 
Telanuisme VELocITIES, ANd JOST Sum us The LiTIL€ qe \w The 
war resort A/er 18 sTUL SMALL. 


Bult vohew Licht comes from The Sun The disTAncéS become APP TECI ALE 
ANd The Wequenc® Shift more poticerbre. If The Sow Emitts A 
GWEN Nf Sodium LINE ,The EATTH SEES A SfHltT CorressPONWDING TO 


| =. G Msow 
eg oe 
Rios Cc 
ee GMs 2 Ith Km 
ct 
WReois >> 15 km 


1 
rnd The shift 18 SfteGured to be AbouT Joncoo : TS tS A Saicly 


TEASomAbLE VALUE boT IT hAS Beew Successfully obServed YeT. Mainly 
becnuse We Krow He whaAT Tre NATAL Sre quency of 3Od1um 1s. 


Now for white dweArfs where Ther Mass & Msguw bot Their Yadi Are 
Rboout TRAY of The Et tThH This shitt iS moch Greater, BoT hard 

To deTermime Whether The ShiST IS dve Te GrAVITY of TECESSLON. Possibly 
Dowbl€ STATS Could help since The roTATe About ONE AWOTher buT 


otTew one STAC haAS uiSible SpecivAL LINES WhtLe The oTher ts A CONTINUODS 
LiGkhT So No help There. 


PROBLEM ¢ Eonsider You are om The Earth ANG MAN SAYS SEE how : 
hiekt You cAn Go IN one hour by MY CLOCK, 
The TYRVELING GUY CAYNIES A watch which Tons 
Faster Than Tre Mau on Tre around. When he 1s AT 
hmax he Looks Por pre To The Guy ON The Ground fer 
The Above re ASowsS, Thus we WANT TO MAKIMIZE 
The deexer Te which he is Ahend, ne, , The hioher The beTrer, 
We wont LeT him GET To QC but 
The followimwe Time correcTion 


= 7 _ yr 
cna < v(t) 


qr 
Thus The TWAVELEY most co FAST buT NoT Teo FAST or ELSE hele 
GeT wro A red shift. So we use g's Wem CE a2) , oeT 
The wrvectT TIMES Awd PATH of MoTion. 


max ~~~ 


INSTE Nd MAKE EAtTR x FLAT 


Probe m $ A photow Shoo&lS vp .To A bo, whichis ty Turn 
Carried BACK DOWN Awd The Eweror Thew rete nsed 
AS \T GoES UP AGAIN. AT The End of The cycle 
if There 18 NO NET Work Enerey Should be 
Cowserved — 1S IT? 
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LAST TIME WE MENTDOWEd AN INTECES TING PrOBLEM- The ideA of A 
Per PEeTUAL Mone. Ir eoeS SOMETHING LIKE ThIS: we have A box 
which & EMins A PhoPon Of ENEroY Eo which Goes To A teveEetl 
AT A hieher GraAVITANONAL POTENTIAL ThAN be foré ; There ik 
hAS AN Enéerey EE: = Eo (I-£ ) because of The Work IT did To 
GeT Up The PoTewTIAL Y. Now we carry The Bor back done 


And Do work £&, Ver TO BING The PhoTow To Ground lever 
AGAIN. 1T Then AAS Eneror E, becAUSE ue Got work ouT 
om iT AS WE cower IT. Thus The cucrey speided WAS Eo asd what 
Wwe recewed baCK WAS EL, #F WEtK dowe IW LowEeriINe, hE, EY, 
Do€S The fwat Enerer EQUAL WhAT we NAd To BEGIN with. 
The follLowING is A DIAGrAm of ONE Such SYCLES 


wet out & p 


— 


ct 


> Eneter GOMING BACK 
> £4 6,2 Ets) 
cet 


4 
@he QuESTION IS: 2 . 
= E(it$) 

c* 


Before GOMmG OW TO SOKEThinG wews, The OTher QUESTION | ASKEd 
AT The EWd MIGHT deserve A LITTLE More ATTENTION. We wanted To 
MAXIMIZE The Time ON The Travelers WATCH bY Gone Opwards 
To GeT To A NElohborine Point of where he STArtéd, 


The Traveler observes Two mOomEeNTS on hiS clock S€PATATEd bY A 
Time dt. We retare This Time TO The Peoper Time on EATTH dt. 
Since The Guy IS hicher, he LookKS PorPre because of GrAuITY SO, 


dt dez(itd ) 


Also bec Avse he 18 MOVING GT A Good CLIP, The Time dilATION 
ATISING {rom Oor APPFOAIMATION 15 


ans u 
dt = dts & dt 
2ce 
So Tne proper TIME ON ERTTW for The  wreruAl 1S 


dt=d¢+2 -~w*dt 
InteGrated over offT<e T | 
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Our Problem AGAIN IS To GET The TYAVELING CLOCK To be AS LATE 
AS PosstbtE—. The Time intervAt seen on The wrisT watch tS Then 
T 
t-T% = +2 -ut 
Th \" ci eee 
2 


+ : 
ee Se ee — oe 
a) [ P(acr) - Ee] de 


So WhAT WE WANT 15 TO MAKE The BrackKeT Term AN ExTTemum 
Since Q= q(xee) we have 


Tt 
At=> Tt (! L Goren) - 4 ken | dt 


We CAN SOLVE This Problem bY The PrinciPLe of LEAST ACTON. 
Howe let xt) be The orbit for which The PATH IS EXTYEMUM 
ANd Nit) be A variANow on That PATH Soch THAT The VATIANOW 
AT The ewd PoInTS IS ZETO, Then 


X(t) = Xt) + Nit) 


iS The vaTI€ed Otbit And for Firstotder chawoes IW N Ths tS tero. 
Therefore, we hnve, 


iv noe 22 or 
‘ L | Xt» - 1x t+ gnc - XN ]dt 
NS 
ACTWAL PATH vated PATH 
INtéor ANNG BY PARTS 


VC q Na+ Xn] de -%XN |" 


u 
: Nd P 
FINALY WE mosT TEQUEE, © AT ENd POINTS 
X= a Yor The wTeorAl To be Bera 


Thus we S€€ The orbit IS A PAT AbOLA JUST AS IT Wovld te 


for A tree FALLING Booby. This orbtT MAKES The TIME OW The 
TrAVE\ING CLOCK The GreavTEéST. 


The conSE Quewce of THiS LITTLE ExerciSe WAS VERY IMPormANT 
To EINSTEIN Who SEItEd IT And Concluded Thar since LocAL 

ClocKs AlWAYS MENSOTE The LomeEsT TIME, CLOCK Will VATY UNdEr 
different CIRCUMSTANCES °1.€ There 18 Wo AbSOLUTE TIME. The 


YATE of Time ProGre SSION depends ON Where you mre in SPACE 
ANd whose clock You USE. 
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It There 1s no de tinite TIME, Then becAuse o} The SPACE-TIME reLATIONS hip 
Tere tS Most’ LIKELY No SET DISTANCE LE., IT ChAN GES WITH POSITION. 
That 1S To SAY A TuUlep would Shrink AS IT Comes Toward The earth 
while 1T Would EX PANd GOING The oTher wht. We MoST hfhve fA 

Coordin ATE SYSTEM ESTHbBLIShed which 18 INUAKIAWT JO POSITION 

ONLY TnAT “the Proper time TEMAINS A MAXIMUM. Thus CiwsTEIM SdUGhT 
To TEPLACE NEWTON'S SiMPLE FEMA LAW, 


Thus iT 'S TWAT SCALE LENCTHS CHANCE WIT GrauITATIONAL Siecd AS 

WELL AS The UsvAL TeLATIVISTIC CORFREABFFEQGY CONTYACTION. We 

cAW Represent The USYAL SPACE-Time IMTErUAL bY The four-vVEcTOR 
4 


dt* = dt*-dx'-dy*-dz* 
dt*(1- ¥") 
dt= d? (i-w)? 


wheve we hAVE ome D The Ch SINCE WE Chose IT TO be UNITY 


a 


Now iM A GAVITATIONAL etd This INTEFVAL ot Time would be 


dr*=de'(i+ Gap) — %&dx*~ ady?- ¥d5” 
ae 

This TELATIOM tS Good To The firsrorder because of The APPFOX IMATION 

USEd IN The GrAVITATIONAL PoTENTIAL, We NoTe ThAT IV The 

fiest €@VATION The four Vector Cy PlicitTey vrelATed The Two Time 

IMTETUALS. Now WE ATE SAVING There michT be some uadeTermined 

coefficients which have wot been fouvd ANd vare from piace 

To PLACE iw SPACE, [Iw order To deTermine These coethicients ACCUFATELY 

\T woold be wecessArY TO be mouiwts AT Tee or CAL The sped ot 

UGhT In order TO MAKE A stenmificnwT comtribuMoN TO dt. 


Einstein Propos€d To specifY The coefticienwts AS A fuwenow Of 
POSsSINON IN AN INGenwious MANNEF bY de Scribine The POTENTIAL ot 
@rAvity. He Assumed, in FACT, ThAT The coefficiewTS Differ wiTh 
PosinNon. In The Most GenmeRAL CHASE WE CAN LoriTE The Time InTervAL AS, 


dt‘: dv¢ I+ 464953) } = qxxdx” - qv bY oa dy” ~ tgar ded p ~ eee 


where AT MOST we cAW HAVE A TEN SOF with 10 TeRms 


fF we veT Gry = Cit 90*,¥,3)) , Then Wwe CAW express Tus Time As 
ton 
dt 2, qav dxudxy 
OAY,Y 


“The TewSeor €LEMENT S RY depen dive ow where You Are, In 
NEWTONIAN worlds qAy * Suy. 
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So we have A TEAL MESS OW Our hANd wiTh 10 POTENTIALS ALL coupled 
TooE Ther. SO we muST TTY TW PUT SOME order To Them, FYST we 
Areve(?) The guy's FORM A SPMMETIC Tensor , Ff iT were ANTi- 
SPMMETTIC | iT wovid NT be Any ditferewT Thaw A Lot of OTher Tewsoes. 


We NEEd SOME GEOMETTICAL INTEr perTATON IN Order TO uNdersTANd 
These BY'S - WAT 1% becrose They Are fuwcnon ot Space ANd increase 
IN (MporTANCE AS The density oF MATIer increnses. SAID ANoTher WAY, 
The AY wold be much G@réenTEr Around The center of A GALARKY 
Than it would be Sac for any object. 


WhaT EmsTeim ATGued WAS THAT As & Consequence of dt= = Gav dxudry 
SPACE TIME Could NoT be SLAT buT yATer represented AS A 

Curved SpAce-Timeé. IN such A WoORLd mater would move on 

ShorTés T-DiSTANCE PAMS KE.) dt 1S A MINIMUM AS Guy Is A 
foncTnon Of posimoN, This is EINSTEIN'S MOTION LAW Of GrmiTY or SOMETHIWS 
TIKE ThaT. THIS curved SPACE 1S some whaT Understood if we 
VISVALItE A LIGKT REAM ShOdTIN © OVd AWd soower of LATEr 

IT would retrn TS ITS SIARTING PO IT. Ukeee we tG Pore The obvious 
QVESTION of Pow far Around 1817 we Are SATE, The POINT beine The 
TANecTorY follows A GreAT CIRCLE rouTE, 


What Then tS Tre GeomeTtic INTE PEFTANON of SPACE. LET'S 
limtT oor DISCUSSION, for The MOomMenT, TO Turved SpAce ow Ly) 
we wow'T discusS ME, ForTher Lets ASSUME A Poo dimMEeNSIOnAL 
ANd ASK WhAT MEANING WE CAN ASSION To CuryATUE. 


IMAGING A GANG of bucs LIVE om The bLACK board: CALL Them “AM 
Seppese Another croup “B" Live ON fF DALL. We cAW hAVE OT her 
“wertdd LIKE crlinpers, SAddlés , dowoTs, ETC. Assume Tre bues 
Ate A curious LOT, The® MiIGhT LIKE To KNOW WAT The ShAPE 
ot Thetr woktd 1s - 18 tT FLAT, & bALt, WhAT? Ther CANNOT Circum- 
NAVIGATE because The?! MiGhT be ow A SAddLE-A TEchniQue must 
hod for ALL CASES, There turNS oOvT TO be Sever AL WAS They 
could Go AbovT 17, 
METhod |. They covld mActh out A Given Number of 
EQUAL STEPS) MATK of f A TIGhT ANGLE, Go UP The SAME 
DISTANCE » TAKE AwOThcr TlekT; And SEE if FiwALly They 


COME BACK PreciselY TO Their OTriosNn, 
For A FLAT SuffACE we UISVALIZE IMMEd1ATELY A SQUARE, 


No - 
OVEr LAR pine 
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What would happew if The bue med The SAME EX Peri MenT 
ON A BALL; WALKING EQUAL DISTANCES And MAKING BS TIGhT ANGLES 
Wwich Are defined ON $Pheres. 


IN TwS CASE The RuG STARTS AT O * WALKS ON PAm™ | ANd 
Ends AT PoInT Ble, Wo he TRK PATR Z he would have 
Crossed PATH | AT FP before ENdING AT Ze. CleAriy The duc 
MusT LIVE IN A CUTVEd wWortd, 


Method 2 $ Br LAYING odT TespecNvé TYIANGLE ON The surtace wel 
MEASUTING’ The Sum of The ANGLES, For A PLANE 
They TOTAL 180° ‘ for sphere They Are More Than 
120° ANd for A SAddlé LESS. 


METhod 3: A more INTETESTING WAY CALLS UP A LARGE NUM ber of 
BUGS To MArch OoT EQUIDISTANCES from A PoINT And 
JowinGe hAndS To form A Circle. If ANOThHer Buc Then 
WALKEd Around MEABURING The Perimeter, he would 
Sind The circumferemce Always GIVEN IN INTEBYALS of PELE, 


Civcom = 27R 
where R= No. STEPS CLT , commonly The rAdius 


For f Sphere we hAVE SomeTning DifferenT: 


IN Tnis CASE The circumference 


IS GIVEN b& 
0. = radius of Sphere 


Cir= 27B me 
2 D R 
2n Rim 7 


EXpPANdING The SINE INTO 
A Series tTofirsT 7% Terms 


3 
es a(§- 8) 


LV 
Ca 2 R(V- RE 
ZT 30° 


4Z 


The resurT we have obrmined is NICE be cAUSE IT GIVES 


Us AN Iden of how The CuruATvre Affects The circum ferewcé. 
5 = 
we have The Term x which Shows he effecT of A Small 


A LArGcer Cor reECTON FACTOR. Fern man Likes 
To Picture Curvature AS A SuwcTION of PosiTION AS A Pimpted 
face where w cer THIN TEGIONS The 

GreATEr CurvATVE, 


sphere | TRAT beine 


Pumps Create A 


LeT’S be more specific And dehue Precisely WhAT we MEAN by 


CurvaTUrés In Or USeAGE 1T WILL MEAN-EXCESS From The TheorencA lly 
€xpected resutT. we CAN be MOTE SuCcCINCcT MAThe sem ATICALLY 


ACTUAL CIRCUMfereNce _ 


|- Curvituré xX AREA 
ATR 
Wher e WE 


1 
we ae 1 specified TRt AS The Area ANd The curvityre 


=. ; 
Inxve TRHKEN (I eeu) Ae: Rewrote IT AS 


RS Vzq2. Si GarPicANtTLY The curviTvré is INvEersely Propornow Al 
To The yAdius SQuArEd 


\ 
Cury oS “az 


We need now Some Form OF SYSTEMATICALLY 
IN our S PACE. 


IN Three 


PdenTiS¥ING “POINTS 
Inn Two dimensions The x-y ARIS work weétle 
WE CAN LAY OLOT A NETWork of EVENLY SpACcEed LINES 


LiKE The Lantede and longitudinal linesS ow The EftrTh. These Am lines 
N€Ed woT MEET AT TIGHT ANGLES, hE, 


zu 
ds" = xx dx* #4yydyt 2 qu dxdy 
In Two pimenStoms Wwe CAN PICK The coordiwAtTes JuST riehki so 


dst = dx tdy* 


Ff we had sTArTed with 


x= xCU,Vv) And Y= PCuV) , Then 
WE Loould hive hrd Tre 


ewer AL CASE IN Which of The 3 


coetticlIENTtsS Two would hAVE heey INdependenT 1€, corres ponding 
TO The Doo deore€es ot freedom Permitted Urnrtr The 34's Then 
it ts Possible To derermine The curvature 
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Another wAt of ThinKiING of This curved space IS To LET The Bues 
UVE ON A hoT PLATE Which GéTs hOTTEY AS yee YOU Move NEArER 
The center. ThuS rulers woutd Expand AS You Go: out And we 
SHALL ASSuMe They ALL ExPAnd EQUALLY; EVEN The Rues Themselves. 
SAX he TRKES whaT he ThinKS Are UY EQUAL STEPS LIKE he did 
on The bintkboard and See if he chan End AT The sme POINT. 


rp 


cooler f 


hot 
cooler ——> 


We Covtd devise The Perfecr Temper fAtvre LAW Hitch would Give EXACTLY 
The SAME EffecT AS beiING ow A BALL AS THIS DifeEerAM SEEMS TO INDICATE. 


Thus even Touch we Ar€ on A SLAT PLATE The Lftect tS The snme 

AS beine@ tw A Curved SPACE; The LeneTh of The ruler STILL 
VATIES udkeel wiITh where you AYE, So Space iS Curved Fowny because 
IT hAS A Werd effet OW our RERSULEMENT. 


WE woutd E€xPECT LewoTS On The hot PLATE TO tHKE The forms 


dst: Temp (x,%) [ dx +dy*] 


where T x,4) is The Tem per ATVrE FuncTNon which Corres pond 8 To 
The TWo i fd The Third being EQUAL. 


lohite in Two diMENSions The curvature could be meASure buT The 
two CASES mMEnTomEed Above Cold MOT be separate, IN Thrée 
DIMENSIONS There could be 3 direcnonsS oF MAXIMUM curvaATULEe 


which wootd describe The ShAPE. Now We TALK A bouT The 
ACTAL YAdius beinG 


ros Ror (fvermce x Volume 
ACTUAL mensured ae la 
yYAdivs V dius 


For The MOMENT ALL WE'LL SAY IS ThHT Tre AvEerAee curvATVUCE, 
The Feynman mean CurvANIre, IS AN Rv ErAoe ot The 3 mAKIMA. 
Went Spend more on This Latrer. 
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Now we LeT Time Join SPACE ANd TALK AbOOT Foor DIMENSIONS. 
IMAGING NOw You STANd IN ome Spot for Aw hour; Move one 5 fooT; 
WAIT AN haur ANd do ThE SAME Exper IMENT AS before. WhAT will 
HAPPEN 1S TWAT The TIMES WON'T be The SAME: 1 The Proper TIMES 
Are different. This miSmatch 18 The same nS be fore. 
The Problem Now Is EVEN more ComPouNnded e 
bechuse There are ForRTY Curvature COomMPONnents. | 
EINSTEIN SOUGKT TO SOLVE TO QUESTIONS! 

1) GIVEN The G'S WhAT 1S The MOTION To MAKE 

The ME AN EXATKVEM UM 
2). What deTermineS The POTENTIAL 


ae ee ee 


He souG@hT AN ANALOGLE of AcceLerANON=-VQ 
And for A Good fiT IN 
Vig= Wn Ap 
where J = UniversAl GrAVITATION CONSTANT 
P= density of m amet 


tte did wot want to WAVE The q' s de pend ON AWRY Choice 

oF Coord WATE So HE hAd The ideA of ae Them EeQuAtl 
maTret density. To specif The By 'S jpwhich represewT The curvature, 
WE Go To A BIG Tewsor Eeeael ot vATIOUS derivaTives ora 
previovsS worked oOuT by RIEMANN. 


I NewTomiAN Physics PnNeroy dewsity was mwTerperted AS The 
Source OF Gravity. The ENERGY dewSITY beinG PART of The 
four Tenson which completely deacribes ELECTYO MAGNETIC 


Theory, 


The ANALoeve of The HuErAGE curmTuce became IN q DIMES! 0S, 
10 MEAN te curvatures | Tuy / This TAKES The form of A 
ATewmsor of SECOnNd order he ri EINSTEIW GUESSEd 


Thais LAW 
Ray > @8f © Tuy = Einsrein's Law of Gravity 


Here he ignwored ANY NONLINENTITNES IN Ravep. 


Gravity Probe B 
Verifying "frame- 
dragging" 


A worp here not from The Lecture bot From The Book Generac 
ReEcaTivry ANd AGCAUITATIONAL WAVES wr J.weber (mire tScrence 
pliblishers ), 


EINSTews Idea THAT GenerAL LAWS of NATUTE Should be Expressed 
bY EQUATIONS Which hold Good for ALL SYSTEMS of CoordiNATES 
Eollowed from A Discovery of MINKowSKi. He found TraT 
TYANSSocMING from Owe INErTIAL Frame To ANOTher movinig pth 
YELATIVE VELocITY @ corresponds TO TH ToTATION of AXES IN A 
Fout- DIMENSIONAL SPACE-TIME COOFdINATE SYSTEM. TheS AN CVENT 
hecomés A POINT IN S?AcE-TIME | Four DIMENSION AL SPAG. 


The SEPAFATION beTUWEEN TWO EVENTS over The difteremri at INTECVAL 
iS Expressed AS we ALrendy nhvEe done, 


x» : = 5 
ds‘ = dx° — dx ~ dxt ~_dx 
ds* = dt’- dx” - dy* - 3 
if we Rewrite The fFirsT €XKPCESSION AS, 

-d$'4 Gayd x4 dx’ 
Then The CLeEmMents of q4y ATE 


-! 000 
a pees 


That 1S 


VY] oof 
900; 


Av tS CALLEd The metric TENSor ANd The MATYIx YeTAINS ITS form 
under LoveNTz2 TYANStSormMaAT ON. 


As AN EXAMPLE , The Curved TWO DIMENSION AL SPACE On The surface 
of ASphere 15 described by The sottred LIne ELEMENT 


qav dx~dx” = rde* + Powe dg 
- | ae. | 
qv Oo Toute 


‘Since EisSteis ESTAKLIShEd The EQUIVALENCE of A SGrAWTATIONAL Fretd 


to AN ACCELErATEd trame, he needy A CURVEd- Space METrIC TO ExTAND 
TELATIVITY TO TEGIONS Where GraAVITATIONAL Fierds Are Presents 


Thus Cocv@lli@whs TEALItEed AS AN INTYINGIC property: 1.6) AT 
AN POINT The SAME VALVE IS ObTRINEd IN Evert CoordimATe SYSTEM. 


EINSTEIN'S Theory of GrAVIT ATION YTELATES ‘The cory Arure 
of SpAce To The bistribunon Ot stress ANA ENEFGY. 


4o 


The Proper TIME-SPACE INTErUAL which WE have beew discussine Le, 


t 
ds: qh dxud Xv 
HAS The propertie THAT IT CAN ALWAYS be RewriTEN AS, 


ds": Say duudky + huvdkudry 
Whe ré Say = KrowneckKer dettA 


WhaT This EQUATION represents 18 WhAT WE diScussed ERArLier OW 
PAGE 34. There we TALKED Abou! Tid AL forces, NON- uniform MOTION 
ANd CONCLUded by The proper ACCELEF ATION WE could MAKE ONE POINT 
Exhibit uniform MOTION buT ALL The surROMNDING Space had 

A NEW POTENTIAL GrAdIENT, WE hAVE SAid The sAME Thine AboOVE. 


The Suv corresponds To our ACCELEFATION ANd The hav nre 
The NEW poTENTIAL® Gr AVIT? SurrOUNdin GG The PoINT, Thus EINSTEIN'S 
Principle Of EQUIVALENCE YTEALLY MEARNS ThAT &@ GrAVITY EQUALS 
Some NEW GrAVITY Ptus AN AddiTNONAL ACCELET ATION. 


SchwAreschitd Found A SOLUTION for ds Sor The case of 
Time tNdeé pendent qvv's ANd in Spherical SpAce. 


The STATING POINT !S The spherically SYMMETTFIC SQUATEd Line 
ELemenT Ha of FLAT SPpAce- Time: 


ds =cf,(ajo)dt*- Hlajo) dat + },(2, 0) A® (dett+ounr*e dg’) 


BY choosine A NEw coordin ATE 2 puch That Fatal Opi = p> 


ds*=C¥o(a)dt® —- fardat e- nt( dott puto d ¢*) 
< bas v x 
1¥ we sel sxe e Sze » Thent qeo> -e” ' quze? r ree Y 
q? =Nynw @. 
ds: +e etdT ¢—er%dnl g-pnt(dert+nnto dy) 


IT Turns out (See weber ref. PP 5e-c0) to SATISSY The resotTrine differewTiAl 
Equanons of The tormg On PACE 4S 


ess evs pt K 


me 
Where K is A COMSTANT Which ts deTer mined from The FEQuIren ENT 
WAT Newton's Law of GrAVITATION be Approftcthed AT LATGE 
disTANces from The MASS. To Accompish This 


K 2-2 -~ AGM 
There for € | cé* do°) 
uw. = sor) ~. drt _ agre( doert+ru'to 
ds = (\ NCce dt | - 26 fh ( 


ft The Line €LremenT beTwEeeN Two POINTS 1S GIVEN by The 
PrEVIOUS EXPFESSION OMITTING ALL But, 


ds = dfn 


J 1-4en 


Cyt 


Then Wwe coutd find me yvAdiAL alSTANCE bETWEEN TO oF circuLAr 
brbiTs SAY Ti, Ye ATOuNd The Sun. WE Would Simply hAvE 


r. 
YAdIAL SEP, = \ tw odr 

= 26M 

l- ae 


This however, 1S A hormble INTEGFAL TO EVALUATE so To The tirsT 


ord Ey, tr 
Yad. Sep = \ (i+hken,...)dr 
Ti cty 


¥, 
= N-y, +t4en An 3 
ct i 


Thes we SEE FR COrrecNON AppeRTING TO The Previoosl¥ KMOwN 
YesutT of JUST YTu-t.. The ofher Term is A CONSEQUENCE OF 
The corvatvre OF SPACE. 


Foy Th SuM AS A CENTYAL MASS, 


ot . = cs) 
GMisuw = 6.67% lo : Ne Mt . ZxI0° Kym x | 
ce , < Kqm VK10'% em” 
= -LSx10m ( NT = Kgm-m Sec* 
eee) 


So The correcnons oO YAdil of The order of The EATTHS SAY 
10" m me effect of The coruvatTvre ts SMALL, 
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The» way in which we define SPACE-TIME IS confusine to Some 
So (ETS Go BACK OVER IT AGAIN. 


The werld 1s characterized bY €VENTS 14. FlAShes , ETC. TO locate 
Such €veEnTS TM TAKES four Numbers x,7,3,T Iathich CARI be meASored 
IN ANY SYSTEM. We ASSUME THAT Similar NUMbers Mepresres REPRESENT 
EVENTS IN SUCCESSION OF IN CLOSE ProximiTY WE Then must bE precise 
IN ESTADLShHING The diSTHNCE beTWEENnL Too EVENTS, The way we 
defined Space-Time 18 Such That The €lEmMenTAL dISTANCE 1% Given 
AS, ru z L uM = 
ds = qa geet + FanX, ¥, 4, TIX t ar (x,y, 3 tIdadT) + Gay 41,3, thd xdy) “we 
Where The coefficients ALE FunmcrionS of where you Rre. 

Now We could hyve JuST AS WELL ChOSEN SOME OTher Coordin ATE 

SYSTEM 1.E., 


A 
~Foaygt)  Peharyyt) F 24, Our, 9,0) T't4q (AY, 3,0) 
And SeobseQventty found 
t ‘ ry 
ds*= guy tad Ky 
AS WE did Above 

\le observe Then The LABELING 18 Purely Arbitrary. Bot if we 
Pie A PATTIE ELAR SYSTEM The My ‘5s MIGhKT TRKE ON Stmpre 
fornsy $0 We mdeccde To chose 1 T.. For INSTANCE, 1§ there weren'T 
ANY GraVITRTONAL Field we would fintd A SYSTEM for which 

yu 2. 

dst: dt*—dx +dy - ds 


This 18 A FLAT SPACE-TIME. This FEPTESENTATION 1s NOT YVNIQVE 
SINCE OCUL OFIGIN MIGhT More There miohtT be roTAnons ,or we 
MiGhT MAKE A LOrENT3, TrAWSTOIMATION Which would Preserve The 
form OF The AROVE,LE, 


riz t-vx pire. Kaye 
fy-vt fj -ve 


If we Tren Wave A world iw which Me quy's Are Wot ALL One, 
Then Taeré #8 SusT MNO bEST WAY To Pic K The Coord WATES , UE, No 
SPEcimt INEY TIAL FYAME And we Are LETT Loose AS To ovr SCALEK 


In This description ot SPACE Time CT The Time | ONLY orders EVENTS» 
IT WAS No CTher Sten iSiCANCE. Time varies ese pence TO PLACE 
dJusT Like Arc LenGTh wen when Pou TrY TO measure IT. THAT IS, 
To find d§ we must Krew Tre Arete DO bot more we mMosT 
be €xptliciT where you ALE, 
= 

ds°= t'de 
So The ftc SEEMS LONGEr AT GrEeATEr ¥ tor The sAmE AG. 
Time ts LIKE This, IN ANALOGY, 
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Let's €xAnine The Fo LLowine SITUATION: 
Suppose we are A Fixed disTAnce Tr from The s uM; Time runs 
VErTICALLY. we have A STANDdDALd clock MAY be Cesium, whith 
hAS A Time % beTWEEN Soccessive CLICKS. WE havE twoPo INTS 
OAH b Wwaickh EmiTT LIOhHT To A reteivER Who tS ON ANOTher 
Time LINE AT AwoTrer Distance Tr such TAT r7PY. WE 
wANT TO find The TraJecTOryY of lLIGhT AS 1S Goes From Th To V2. 


We HAVE The follow Ine Pictuce 
Time 


Tecewe 


SUN x, Te 
WithooT SOLVING Sé¢tvu For nith we CAN EsSTHbUSh A TE LATON- 
Ship bETWEEN Tre INTERVAL Emitted Atte ANd The InNTEerval 
Yecewed at® We TEASON THAT The Time emily AT GD , Ta Plus 
SOmEe CONSTANT TIME T EQuALS The Time rsecetveds Ta, bE. 


tea =T8+T 


Likewise AT b, . ‘ 
Tp =Ta tT 


SO We CAN Sind IMMEd IATELY 
€ 
Th Te = To a as 
ory 
at® = até 
THIS Then CTELATES Tre d ttterence IN The Time coordinAT Es 


How tar ApATT Are a And 6, AT EMISSION? How Lone Does IT 
TAKE To Go From T. TS TE. To sve Tis we MousT use our 


fermol A For dS which we developed CAST TING vue. 
z = a z 7 aw au 
d's (1 2M)Ye* - da _ ply (ante dgt +d") 


- GM 
where Me rae 
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What we have To bois sotve dst Sor its MIintMum And Thal 
will be The moTNON. Thus The TIME ON The TrAVELING CLOCK would 
ALWAYS tefd A MAXIMUM AS WE ArGuEd Previously 


If we first Look AT The Time Difference ONLY, THAT IS we are AT 
A +ixed POINT IN Space Such TnaT dr=de+dQ@=o, Then The 
Time difterence And Coord wate di fterence Are idee by 
¥ 
dg = te = (1- amy" at? 


where TE 1s menSured by The clock AT £, 


Similar’ 
+R = ( | px bs Yo fA\ r* 
Thus ' 
= 2 oad 
Te) af AGS Ae 
= eee ee 
T l- i a) 
Y, 


For smAlL m and LAGE T we CAN) APPPOX IMATE This Tay, 


TE tT. Y. 
2 |- om , om = [+ Gee Ge 
ch ‘alta c* c* 


This result correspannds T What we discovered efrlier WhEN TALKING 
AbeuT The GravITANON AL ved ShifT. 


Ovr TASK Now 1S To Fmd A WAY To describe The motion of The 
Light) Then Discuss Tre PATTICULAT MOTION which MAKES The Time A 
MINIMUM, FirsT we G1vVe Rez NCD, OF Slz), ANd (= Pit) (N TErms 
Of our COOrdINATES. Thus we want TO $ Ep mine The Law of MoTION 
IN A GYAVITATIONAL FE Eid, 


if The reat MONON 18 GIVEN by 


X,S,9 Then we most have Finau 
Us AF, Os, = 
= ©xTremum 
q, INITIAL 
Ar, ©; ay 


This ts Einsteins bftw ot MoTION IAN Ge Avi Ty, 
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We CAN wrtTE Thig ovr More Ex pLcITly AS 


Lisy t 
ox 2 2 ane 
_ tm - ; : 
| [ « errs te cn, = Rte) ( dun’ Oca git + eco) |* by 
UNITIAG ie ACt) 


This INTEerAL tS valid for our CASE OF FSreely FALLING bodies. 
For NON-TELATIVISTIC VELOCITIES ANd WERK GrAVITATIONAL Feld 


WE CAN APPFOXIMATE This INTE SGrAL AS 


a %& 
Si ON oe TET OPS Reg AF 5 | 
\ LI gy” BE lomte dg 48°) | dt 
. ~ Cu 


we Final SES THAT Tre or bIT Must satisfy 
CM + = | dt 
ACt) e 
where we have obtained The vSvAL NEWTONIAM OrbiT ples A 
COrrecNoN TETM. SInce The Bracket Term t(% The Top © QuATON 
DOES NOT EXpUCcITLY CONTHINED t in Any coefficient, 1T IS Possibre 
To Add A CONSTANT T wWiThouT ChaNncENcS The resotTS. This we AlYerAdY did, 


lr is characteristic of The MoTION of LIGhT for dS=0, if we only 
CONCETN OuYSELrves wITh LiehT TrAVELING VAGIALLY, ds=o IMPLIES 


(1- o™ \dt “- dam zo 


Rit) _ tm 
(1 Att 
or 
dnc . { i- ae 
dt AT) 
Then 
dact) ee i 
Cie 
Alt) 
For LATGE NLD'S AWd SMALL GrALITATIOWAL Effects 
Te 
uv 
dcx | (re oe }dacty = Ar-Art um A» 
Aa 


qT, 
AT=zti-ti = (Ai-A )+ tm An a 

Thus eur Id€al Clock haS MEASUred dS which 18 NOT whan 
we Ex pected bhoT tATMer has fF Correction Term. This TESULT 

1S @od ONLY for oor PATTICULAL Choice of The coedhictenn CI- a | 
WE MUST TEALLTE There WAS NOTHING UNIQUE Aboot This : 
choice ONLY THAT IT Simputied CALCULATION. 


5k 


We courd have PICKED gone oTher Y To be y'=fCr). ReT Now OUR 

definimdn of Y AS beince The Circumferewce divided bri zn tS 

No LonGer VALU, Further we coutd have vedefined coe fh crept Ss 
— in dS*™ by MAKCNG A SUbSTITUTION LIKE 


BY This choice WE would hAVE MAdE Aig =t bot compurcated Th 
other G'S SuTHCleENTYY To decide NOT SELECT This. So MewWE mMoST 


decide*whAT WE WANT bechuse were ALWAYS SACKIFICING SOMETHING. 


Now LETS SEE how To CALCULATED The orbiT AS DEST WE CAN. 
WE will MAKE UYS& oF The VATIATIONAL PrinciPLe TO Bo SO, WE, 
WE with Add A SMALL CorrecTNON To A And Q@ So ThaT The 
First order chanoe iw dS ts 2€TO. We witt vary 2 ANd Q 
ONLY becavse we witl BIcK The oreiT TO be iw # PLANE Soch THAT 
@= 90° This is Arbitanry boT IT Stmputies oof CALCULATIONS. 


We ull LET, 


And f 


zm 
Aw) 


(I- 


For tirst order 
esfecTS iN The 
VAT IATION 


J 


INTEGFATING The LATEr BY PartS,ie. 


‘ET dv=z de . nem 
i+ aS a8 . 
2 Vee eae a ese 
T jdt 
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we obTAIN 


And Sor AR MINWUM we MosT FEQuIrE 


d Ant) oe 
dt aa 


which Vretds 


This tS Then tre cONSErVATION Of ANOULLAT MOMENTUM ANd GIVES 
ONE of The com STAWTS OF The MOTION. 


Now iF we vary p AS FUte Then 1 EXPAND for SMALL P 


£ 
| 


INTEGrATING The LAST Term by PArTS ANd SETTING The 
ROO INTEGCANds EQuAL SO SSFO WE GEF, 


— dati _@m cs m -A Mm — ou 
ral ( Ya t/a al = Ar At _ 7 


Then t au 
ee mi A(88) 
Teak, a (35) Ss 
Ss Vat 
r% . 
d9\". h 
bur GAP. BH = (42 ) ee 
: aS... ae ds ni 
= 
Fin Atcy = : m h 
= (ime ate) 8 
“<r [-=M_&% -an 
$ DN Pe 
Je 
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TO UNDERSTAND BETTER HOw The VATIATIONAL PRINCIPLE WORKS, The 
MISSING STEPS ww The Previous 


CALCULATIONS with be PUT DoOUN- 
STATTING vuiITtH § 
L 


t 
n 
' 
> 
-~ 
“ 
bee 
c 
Ge 


46°) dt 
hk 
For A variATiIoN IN @ wiTh @ = 90°, 1, 
; @- Fre 
where uy 


tS The ACTUAL PAFhR And € 18 The vVATIEd PATH 


if we define S To be 


Then 
SS= 
£ - — $ = i 2K ie. 
é Ss 
EXpANdING The SQunre IN Terms of & RNd holding The first order Terms 
¥ 4 —t-— # 
= € 
SS = ( {Fd = te ae 


d 
qt aa oS 
- ‘. Sdt - _ a 
And we reguire 


fiegt onder VATIATIONS TO VANISh SO If we 
INTEGFATE The Second ;,;wTEGrAnwd by PART WE GET The Cond: Non 


Jy Sere fs 
3) 44) *° 


A conmsTAntT of the moTion 


whieh yierd 


om) = h = we dd 
ds dS 
Jit 
The imTEGTATION BY PARTS IS «cArrigd out bY Le Tene 
dv= €dt And ur Ff 
Which GIVES vz é 


and du+d¢ * 
dt oT ~r% op Be 
= fs + an - dt Which Give d | Ae - 
ve e |" <a oo dt 
Ss 2 g]dt 
SIMCE Eli) = ECF) =0 And The VATIATION Must be ZEFO. 


a) géedt 


Baa 


CONSIDERING The vaARiATION IN Mh WE, 


fa a 2 
Wwe tollow The se development AS before ONLY Now we have, 
$s = | 
‘ 
K+ 
HOLDING oNLY To fiast orn deER YaRiations tin e WE ReuriT € 
d 
zm am ~t ~ 
jo 22s. ys = j- tm/y = |-tm(i-£) 
Are Ree) ote) oe 
su 
= ]- "my ume 
re ts 
Froa This APPROXIMATION we Are Led to the NEXT APPTOAIMATION 
' os t : | . + lj. “2me 
erciniciniiniapaiimemaerees? SES” deine a! coeoOneeeee in NS er 
am zm. um 2m ~ a mir 
pee eee eee (cee ame] * ee | ep 
+e Leo mW! * em ba -) 
i- om (v-us 2° 
A =} 
ea 8 - 
Riso we LET (rrp) = Rr 
a 


ANd if we disrecnad 
The SQuUATE Toor 


- 4 2 7 : ; °2 
_tim, ump - a Riera | - Me - 2A 
YeATrANGING, we oeT, 
fee 
oa ~ iets +. 
S + Sap + ime* - tage —~ te 
(1-*SpA> tm 
Ci- 
fu 
Petting This BAcK INTO The SO VATE TOOT FACTORING out Ss” ANd 
ExpANdinG to FitsT order VATIATIONS we Ger 
+ $ ~ * 
= ™ = ay eae 
ss: ( Sdt + Bg ie = ay 
A a ee ~ Ci-Ea)s 
t Ss . Aa 
7 
SINCE The VATIATJoN MUST be Zero, The INTEGTATION OF The LAST 
Two Terms AITeO pATTS MUST be seT EQUAL To Eero, 
_ 22 —2m ~ paaeey 2 
d | 8% = ~B- Pa (rey. -ag 
dt | Ci-tm dy & 
A) “AAT ag 
. [st 
or 
da 
ee. aye ae) BS ee 
5 fr ay oe 
Bt f_( 85/47) ad 
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The QuésTiIoN Rrose how The CLASSICAL bendine of LIGhKT WAS 
CALCULATED ANd LATIEr Shown bY EINSTEIN tO bE Twice WhAT 1T 


Should be. 


If we consider AN Object oF mASS mM , Eneroy EF Awd WeELOCITY W Movie 
IM ATR AVECTOFY Which will he considered ESsemTIALlLY A STYAIGHT LINE 
Awd Sock ThaT iTS Closest APppRoAch T The Sun IS ‘a! , THEN There 
Down ward Component of farce TENdING To 


WILL CONSTANTLY be A 
SO WE hAVE Some THine ThAT LOOKS 


bend iT Towttrd The Sua, sA¥. 


Like, Tris 
f t Fd 
The ferce dow N-wARd Wwovtd be ¥ eae 
. 
a4 Pr = SMsa/EFE 
dt fr ce 


A 
mass of ObsECT 


For NEARLY STTAIGHT LINE MOTION 


& 
Py = | GMs madz . GHsm adz 
Me vw wd latee? 


or 
PL> @2GMsm 


WO 
Now SINCE for SMALL ANGULAR deftLECTIONS 
h:e 
Pu 
Then InN Genwer AL 
6@= 2GMs™M 
wa Pu 


Whie AT Low veEetocriTieS Put mu Then, 


@: ~aGHms 
Qa-ut 
Now 1f w =C) This CALCULATION 15 off by A facToR of TWO; Where 


OQ Now ts The suns thdius. 
EwsSteins Showed The FreQquencye of LiGhT AT P WHS wot The same 
T moved Throuvuch SPACE which ESSENTIALLY 1S A Medium 


AT OF FS VT 
of chhwewe index of CeflecTON ATISING bY from The curvamre. He found 


5*).c 


Here is where Feynman starts in on "black stars(aka black holes) as he called them. 


BefoRE Goma on To A Néw TOPIc There Are A coupte OF PArodoxes ThAT 


Arise when discuSSING GFAVITY. So wee Spend A liTTLE TIME TALKIWG 
& houT Them. 


IN ALL CASES of GYAVTTATIONAL Fieids we TALKEed INTErMS OF The ELEMENTAL 
LencTn between ROO EYENTS being 
- a * 
ze. Ct- 8) det - dat nt (Cow'e Y t+ ©) 
ds fu Cin 8 
ys 


So FARM we have LimTEd Ovurserves TO GrAUITHTON EFfect of The 


first order rg. I= im tS vere wearty | for €ven White dwarts 
where AN observed GrvrviTNonAt Red ShifT ts PerhAps only Tew Percent. 
So We dBONIT hAOE ANP MYSTECy AbouT our Theory YeT. 


M 
WhAT, Thoveh, happens when The radius A 18 Of The order tm or eee 
SpecificAllLY when The vAdiws EQUALS TM. WhAT Troubles DOES 
This cAvSe IN The APPATEWT infisite term IN dst 


FIRST We muST RECALL The Above Expression: 18 GOOd OUTSIde of A STATIC 


SPhericAltey SPMMETYIC MASS which Thus HAS ONLY TAd AL MOTION of 
The MATTEF INSIDE ITS bouNnDATY, SO WE ENCLOSE The TEGION OF MATTER 


JUST LIKE GAUSS Theorem “Does IN ELECTYOMAGWETIC Theory AWd SAY 
OvTsipe There 1s wo MASS. However By 


LoeicAlL S€Quewce We YeAlite 
That ds* ot Above is wot A BOLUTION 


INSideé Dur Blo RAL. 

To Our currenT uNnderSTHNDING oF ASTVONOMY To SAY WhahT hAppews whew 
Pictm seems ONLY A resuT of AleeRermc MANIPULATIONS SINCE NO 
STAS hatve heen Observed wiTR radii oF This order. For INSTANCE, This 
TAdivs for Me sem would correspond BW SMASHING Down m7 A dDALL 


AS Kilometers IN TAdis, So we ASKS WhaT happens when MATTEr IS 
squeezed LiKe This % 


IMAGINE WE TooK f& Lirce Amount of DLoST SAY cotd Iron Filines 
And SpreAd Them ovt over A bie SpAce Boch ThaT Them mass of 
10 ® sous would be SPhericAlly SPMMETLICAL. For A BiG €NOUGh 
TAd\uUS We hAVvE NO Trouble , ENITCALLY Thent we Are in The Sftme 
Posinon AS we hve Alvendy cowm8idered ve. firss order €tfecTS. 


Now if The MASS beGims To FRIL To GeTher Under The Put of iTS 
OWN orAvITY There MUST be some criTicAL density When The 
rAadivg E@uALS m= ZOOM r ov Me SM/oru, Since Tivpencac i 


related To Peritical, Tre dewsiTy by 


= ee 


Me dane, 
oo y3 
47 (er 


3 


her 
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Atso Reritrvcat = cM 
ct 
There fore EQUATENG The Two EQUATIONS 


(2 M )* = GM 
47 (Par ct 


co 


x 3 
IcA 2 —2. 
CP crite l nome 


For The SuN tb 
(3x t0® m/sec ) | 


= 3 
emTicaAL 7 a _ re au 
? ATi (eerete y (2.510°? Kam ) 
Kyu 
= 3 x 729 ‘ 108 ae —— ee 3 z 
4m B00x4 fo RI0e® =—- SEC =) a 


peavey wt 
: ZO oy | 
1.5 x10 —t 


1 
But we wont wortY About such densities bot rATher Pick A NICE AEPESENTARTIVE 


deps ity of ome Wont Sitting unmrverse To be maybe 1Gratmfoe. WiTh This 


WE CAN Then Sind The Mass Mt of The bait. But iF we cet THiS baie 
STAT To SALLE IN ON ITSELF IT WILL Gewer ATE heAT ANA Mos raAdiATE Energy, 


Thes radinted MASS jhowever docs wot Solue our APPArENT INSiMITY, Tis 


POSStbiliTY Bees MIGhKT SveGGEesST SOME UNKWOoWN Force Fer 1S SuUbSE QUENTLY 
GewerATed To buck The GrAVITATIONAL COLLAPSE 


If we pode one oF These IRON Sitines IN ,We Could N'T DisTinouish When 
we Passed The Criticat RADIUS. CerTAIN TidAL Forces would be exerted ow 
US buT We could Lochity FemMove These AS we hrve discusSed. Rut wiTh 

The volume we Are de Aline Hwith These ATE hioher order E¢fECTS So we 

Are SAFE TO SAY No APPATENT VOLT OR YumMblincs Are fet AT That criTichl 
PoINT — EVETY THING KEEPS TIGhT ON GOING DowM, 


AS Tne bALL ShriINKS 1T will EMIT LIOhT from ITS Surdnce ANG Travets 
rAd BLLY bur tT GETS SlLOWEed Down ANd bewT Around. Thus The LtehT 
Loons redder And redder, We UiSuAIREeThe PAYS CDOKIAG LIKE, 
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Wwe voould Then ExpecT ThAT €VENTUVALLY LIGHT WoUld be benT back 
To The Surface IN Such A WAY ThAT AS WE Look AT The BALL IT would 


ApPeny TO be GETTING bigger ANd dbIGEEr WhiLE IT GOT Tedder Prd redder. 


A SKETCh mighT MAKE This CleArer,  Vimace 
~ 


™~ 


AT Some Proper TIME To The MAN ON 
The 1¥on SiutinG he will CEASE To 
emsty €1GhT bechusE iF witl 
AUSALL BACK TO The surf Ace. 

So The observer AT O sAf¥S he 
DISAPPEATS. Rot Srom The inStde 

he hAS A FimiTe Time AT which 
he STOPS EMITTING. More Proper 
Thr SRY ING The MASS disappears 
As O looks out There is AN 
EXPONENTIAL COLLAPSE over AN Brecht = 
Infinite TIME PErtod. imnce_- 


em 


ICON FitinG. To O The GvyY DANCES 
EACh MOTION TRHKES ALMOST AW INFINITE TIME TO EXECUTE, 


Fin@tty when liGhT INVErTS {(TSELf ; IT Looks TO O | LIke 
Sroten mm An 


IMAGING our fTRiewd DANCING ON The 
Stower ANQsLOWEY UP/Tit 


The guy WAS 
End LESS Movement. Thus owly To Fhe maw AT @ P is There 


Any Thine uni Que fboout TIME, $PEciMicRILY Whew he PASSES INTO The Te GION 
OF REM, Simce tight from The PAST MAY Sri REACH him AT Ps he 

\S Unfor MMATELY Trnpped To HIS Doem Since he CAN'T SIOMAL for hel pe 

Mow our irow Sitime friend Most S71 face The propiem of A ApproAchiwoe 
tero ATwhich Point The TMdAt Forces would become infinite find 

he would be smashed To deat Supposine he ooT ThAT FAtLin The firsT piace. 


This, indeed, 1S & Problemuhich Wl mo3ST Some how rensow our Selves 
eet of, 


Thess really MoT tT hAtd To Solve rif we mAKE TTANS forms Tiow which 
removes The SiINGulArITY AT A=0. Bul we're S)usST @OIMG TO GIVE 
eurselves heAd aches somewhere €lS@ SO ThaTS NOT A Good tden, Some 
dREAMERS have comceived A S@uAShed bALL So THAT 
Krom The GrAVITATIONAL CONTY ACTION Would 
IN some cewirisuGAl Force 


The €wercy ATISING. 
be spit ovT AT The EQVATOR 
MAanwer. ThaT reaures« A loT of Ewerep 
fer A SQuirT Te SAVE Me Dav And So This 18S¥'T Toe mech ot A Theory 
There tS AwoTher The orv UNIQUELY CRLLEd The ALRIGHT -JACK Theory, This 
STATES ThaT SINCE The observer O cawtT predicT what happens bevowd 
AcerTHIn POINT Wh worry Aboot The OTher Guy's Problem AS LONG 
AS tim “ActiehT- Jack!’ Well, This RrevmenT sort of befATS Around 
The bush by NOT ANSWETING ANY THING, 


The QuesNon of wheTher There tS f Proper Time inside The Sphere 
iS A TricKy ONE And boes NEEd Some ThovchT. 
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It woold be posSible To Perhaps, verify The existence OF owe ot 


These ‘BLACK STATS! IF IT Werr a compfAnion To ANITheY STRY Which 
_ IS UISIbLE Awd Which TootcTher MAKES up A bINARY SYSTEM. If A DLACK 
sTar were €fkectine The TroTANON of ANoTer WISI bLE STAY, we 
MiGhT find IT by Observine The perturbed orbit Ard CALCULATING The 
MASS WwEEded TO AccouNnT Sor The Errors. See figure below 
OF course Am EASIEr WAY Would be Te vse The GrAVITRTON Lews 
effect Twat Einstein described. But To find Awother LiohT 
Source behind The daARK STHTK Go ITS LiehT PASSEd Close dY 


The UnSeen MASS ENOUGH To be bewT IS hiGhly improbable beT 
NOT iMposs ible, 


Note: Lensing has been observed by Hubble-see below 


BrichT THINKING ASTrONOMErS hAvE CLAIMEed ThaT if A BLACK STHY 
KAS A MASS GréeaATEr TRAN SOMETHING LIKE LYN Sun MASSES, Then under 


NOTMAL preSSures NOTHING Would Prevent The colt Apse of The sTHr. 

The Super NovhE And vATIADLE Stars AppeAr TO Throw off MASS Im WhaAT 
These TheorisT CLA IDA LS AN ATIEMPT To GeT dOWnW TT The 1.44 €Quiltbrivm 
CONdINON. BuT AGAIN TWS froumenT IS poor because IT SAYS The €fp 


EXPLOSIONS Aré cAhvSed by The MASS belwe oreaTer TRAN L444 IN STher 
wotds God ts CAUSING The EXPLOSION BR’ so WE 


Wetl | THAT'S Am 4 


Some 


wow'T be coorred. 
WANT TO SAY AbouT GraAvITY And 


COSMOLOGY hich 1S 
more THAN WhaT 1 INTend but — To co baci To The ovllIne , GALAKIES 
Ate To be diScusSse¢d NEXT, Since, however, very LIKE IS vuderstood A boul 
S GALACTIC Theory we witt puT Twis Topic Aside ANd Go To The 
discussion of 


STATS ANd TALK About The Theory of The intern AL 
CONSTITUTION OF STATS. 


xrays come from the 
region of the dark 
\ \ | companion. 
Hubbble image 


Blue 
supergiant star 
of about 30 solar xrays 
masses orbiting an 
unseen companion 
which is emitting 


/ \ The xray source was 
| named Cygnus X-1 


Since black holes by their very definition cannot 
be directly observed, proving their existence is 
difficult. The strongest evidence for black holes 
comes from binary systems in which a visible 
star can be shown to be orbiting a massive but 
Gravitational Lens G2237+0305 unseen companion. The indirect evidence for 


the black hole Cygnus X-1 is a good example of 
the search for black holes. 


Chaprer 4 


INTENIOR STRUCTURE OF STARS 


Theré ARE ALL SORTS oF STARS: PULSATING | SuPer NOVAE, MAIN SEQUENCE, 
Ted GIANTS, White dwarts, etc. As 1T TurwS out we KNOW More 


fA Boot what's INSIDE These ThinGS THAN WE do About The 
Structure OF The EArTRH ANd The moon. 


So how bo we hope To stuny AbouT The Inside of Se Them SUN 
When ALL WE See IS ITS Surface. We caw START bY USING The 
Theory oF MATIET CONTY ACTING , GENE ATING heAaT And TADIATING 
ENE€tot SIMILAYLE AS WE JUST Bip, Siace RbowuT 't860 The 
ANALYSIS WAS be CArried ooT Whih A GAS bALL ANALOGY. ThaT 
1S, TO STUDY The STADLE ConftiGurANon Which Prevails because 
Of SOME heAhUTIEVL TEMPErATUTE TrisTRIBUNON INSid€e IT. So 
we with STVBY The SUN bY CoNnStiderine@ AT EVETY DEPTh 
the MATTer be haves ike & pertecT GAS. WE Then musT 
HAVE FA TELATONSHIP beTWEEN Pressure »densiTr ANd TEM Per ATURE, 


SUCK AN EQUATION EXISTE IN The toRM, 
= BRT 


where iS The molecurar werent Tis Temperature, pis 


The dewsiTy, ANd BP The Pressure, DVE TO GASES. 


fF we consider The Sunt APProximaATELY SPhericAitY SYMMETTICAL 
Then we MusT have 


dP. GPa) Moa) where P= Peast Pradiation 
dr A 


bALHWCE ooT ON Two LAYETS ANd where 
Micr) 1S The MASS INSide of A ANd 18 JoST The NewTonian 


wrauity Effect, so we don'T BoTher wiTh ANY reLATIUISTIC 
MASSES. 


Also we Kmow, 


so the forces 


aM 
dan 
\F we covtd comwect “P ANd P, we wovtd be done buT 


we hAve The Temperature dependewcle connine in which 
be tS AlGO heiehT dependent. 


" Wner™ 


We cAN find The ENEroey GenerAMon pve TO YADIATION (tN Terms 
ot The Luminous flux ftowime ovt of n,1.8, LeT 


h(a): ENevoy leAvING ATA 
where LOR)zLe = ToTAL Luminosity of The STAR 
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WE CAN NEXT CALCULATE, 


d La : 


Aur ecay e 
dr 


where ECR) 


The rATE of ENEFGY GENETATION Per UNIT MASS AT AAMdIWS Nr. 
Generally ECR) 1s A Function of demsiTY, TEMPERATULE ANd COM POSITION, 


€= €¢Pp, F, a) 
TWAS ENeray Generation 1s from The Theory of NUCLEAF ENErGy GENEFATION, 


We wit consideR The chemicge COM posiTION TO be CONSTANT ANd NOT vAry 
wtTh Tre cAadws rem The CEM TER, 


Theve myst ALSo be A TEMPEerATUrE GrAdIENT resuTine from The heat 
Flow 30 Wwe Retare The Temperature to The luminous Flux by | 
dPraa = oe Be! 
ot 4narc 
where 


Pend = 4aT4 And 1S The pressuce doe TO rAd ATION 


Kis The opAciTY ANd MEASUrES how hard tT ts for The heaT 
TO Work ITs wAY ouT OF The bALL. GenerAt, 


K=KCT,e, 4) 


The introduction of THis TEPM NECESSITATES ANOThEr Theory of YAdIATEd heAT Trans ber 


Now we ask if oor formutAe are sufficient to Setve the EQUATIONS ANd 
Then comPreTely Describe The beEhAVIOR ON The GUTS oF The STAT. So we 


WANT To KMOW how The her 18 TRANS IEr€d. Whenever A Tem per ATUCE 
@rAdiemy EXISTS (nN A bady There 


1S A wer teansfer ot herr dr Thermat 
ENETGY from The warmer To The Cotder recions AS The body SEEKS €QUILIBRIVM, 


We have yost described heat transfer 
Also There is A Transfer of henT Throveh The AcTion of MOvine 
SLuro or GASEOUS 


MaTErIALL, TwiS ts convection’ ANd free or nN ATUFAL 
CONVECTION 1S where The MOTION US Princ: PACLY 


DYE TT GrAViTY ACTING 
ON The densiTy differences doe ro floin CKPANSION. 
WhLE <onduUcTion {5 


by CONBY cTION: 


NOT SIGNIFICANT IA STeUaR Processes, convection 
MosT CETTAINLY tS, OM ThiS conCluUSies we musT reAlite we AAve WOT 
cONSTfucted A SATISTACTOFY Theory 


OF convection to Altow US Toe 
SOLVE The EQUATIONS, 


We witht Have TO TAKE A croset Look AT These 
€xAmine Their NATUrE find INTErdependeNCIES, We NEEd to KNOW 
Such Tuintgs #8 how The opAcity depends ont The COMPOSITION } 
how ECA) 


Varies wiTh Temperature ,€To. We'll STAR There 
Next TiMeé, 


Processes tO 
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LAST TIME WE WERE DISCUSSING The sTuft inside The STARS ANd how iT 
Gor OuT. WE gAAD The Pressoré GVAGIENT WAS GIVEN As 


SIERO Bin) 
JA aA 
where 
P= Paas t Praadtation = TOTAL PREssure 


Now we can find The Pons trom the cas © QUATION 
Pv= NRT 
where Vz volume R= UmiversAL comstTant T* TemperaAture 
REALE ING ThaT The number of motecuces N = 4, The Pressure 1S 


Given AS 
Ppt RTC 
A 


where P= dewsity = '/y And GD = MERM MOLECULAR WEIGKT 

Now if we hAve AR MIXTULE oF Two ELEMENTS ,3Ar, Us And Or, Then 

ler x ANd I-x be The respective Friction presewt mM MOLE, Thus 
Pv = XRT 


Pv =(i-x) RT 
Br The ltw of PACTIAL pressures, Then’ The wum ber ot rams tS 


KM Ut t Ct- xy Ur 


So Twat 
: X Ui + Ci- RIV 


. v 
So cur MEAN MolecuAR wWeiehT, MW, 1S detined To be, 


GQ > Kt li-xIUre 


The mean Morecurnr stuff IN The STARS Is Grouped iwTo Three perts, 
HYDroGenN, Helium ANd ALL Tre oTher CLEMENTS CO,Na, mg, Si, K Ca, Fe ). 
We cAN Then ASSOCIATE A MASS TrACTION, LiKe We did Above, To EACH OF 
These parts Such ThaT 

X= fraction of Hevrocen 

Y= “ n Hetium 


x-¥ 2 “ " oTher stutf 
We Choose Tris specificaTION because There 1S Soe much hyoroeen 
and helium THAT The oTher part conSTiTvTeS feAleyY a SMALL 


RPorTAnT 
SRACTION oF The STAR'S MASS. This Fraction will become’ LATIER 
AS we discuss The creation Throuck fusion of The hiohevr ELEMENTS. 
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SINCE | eLESTYON ANd ONE Nuclevs MAKE VP A hyoroGen ATOM, 
we say iT has A MEAN MOLE CULAY welehT ot 2. For hetwmn whack 


hAS 2 ELECTTONS I woctevs ; find Y mASS units ,we SAN IT HAS 
A Uz 34, Then for The WGhER ELEMENTS The MASS 1S rouehlr 
qwice The ch¥ree 80 We have U= I. The usual war Te deworte 


At is by 1 _ Z 
MRK tBy thurwy) [+ 3x-ty 


This TOTAL MCAD MOLECULAR WEIGHT ts A Good Appro xX IMATION 
White iT Ig SLIGHTLY TemPeraTure de PENDENT. 
The rAdiATION Pressure Parad 18 GIVEN AS ATISING From bLrACcK bady 
TARAIATION Which, of course , IS NOT Fhe cASE 
“Prad > ae i 
where G 1S SOMO COWSTANT 


LAST Time we STATED THAT wITh The Two €QUATIONS oF 


d PRA) LL © MM) cas and d Mla) . Yn rn’ aca) 
dr pr da 


we 
\E we had A relationship beTween Pressure And Density? ‘would 


be Through. BuoT we wow have The Temperntere ENTerine «nto 
eur definition of So we MUST KNOW the mMeThod of The heat Flow. 


To do This we SHw we were Led To Two more EQUATIONS INVOLVING 
The opacity And ENECGY GeNEYATION, KE, 
4 
1m) s - Kiqe) e_ Lo) dca) 2 YnAb ECA) aca) 
net tes ae 
where The Térm glia) 
rand ridr. dA nrises From The Ewercy Production bEeTWEEN 


WE CAN ESTAWDLISH Some rvaATner Loosely in terperrTed Boond fre 
condition AT The cewTER find AT The Sutfacejie., 
AT CentER PePe Tete e=e L=L.<=0 
AT Surface PLRoJ=O TWRy)= To @ > LR) <0 L CRo Je le 
where Lot TOTAL AMouNT of ENETOY YHIIATION From The STAR 


ANd To SAY PCR) >O deptnds on how Serious we TAKE The LAWS 
AS we Shatt see becAvse IT IS ward To defive The surface And 


CONSEQUEWTLY The surface from The ATmosphere 


The opacry ts defined To be biecer Sor More OPAQUE MATERIAL Which 
wees A SGrEATER TEND ETATOLE SrAAGIONT, The cweray GenerATion 
ecry tS A rEsulT OF NucleAr GeweRATION. 
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The whole QuesTion of detin Ince The Surtnce leAdS To A GreaT 
den, of Confusion. The ATMosphere is defined tu Terms of The 


Meni Free PATH of A photon And how far iT MAKES 
The Lryers of GAS. 


IT Throveh 

THe vehsow WhY¥ we see SPEXCTTAL LINES from The STAY ATISES rom The 
Fact’ WHAT Mhrovehovut The GaAsenuS TM osphere Mere are ISO Therms, 
Levis of conpsTAnT Temperature, when A LiGhT oF CerTRIN whe lewerm 
PENETYATES These LevelS , ExciTATION Occurs whew The Temperature 


IS JusT TIGHT To CAUSE AdSorpTionsS. SO we AcTuAILY SEE VArtoUS 
LAYErS IN Tre ATMOSPhere. 


However , for The MAIN SEQUENCE STARS WE donw'T WORRY Too MYUCh AbouT 
The EACT PosiTION Of The surface because The Flux which we calculRred 

lo To taciate from The sTAC WAS INTEGFAGEd OVE The rawee OF RN. Since 
Wwe OBTAIN, SAY, TI °%o Of Lo Afew hundred meTErs or SO from The sur Face, 
The TOTRE ComTribsuTNon TO The ner Flux OT 1S SO SMALL THnTrT We 


lewote IT. So we should really TALK Hhout Some 


Effe cnve Ter per- 
Atare of The 


suriace whith From The BLACK bady radiATION SAYS 
anRy iF 


This Teft as what The ASTTONOMERS MEemsure and uITh A CALCULATION 


Of lo And The distance To The obyecT AS WE deTermine EATLIET IN 
The course we chw fod Ry, So The effective Temperature 18 JosT 
A wmensure of how much Stuff Comes ooT be unmeF® ALEAL 


lot 
There ACE A CLASS oF STATS which ThiS APPTOK IMATION WOVE “WORK 
for and Tnats The Red Giants. For These STAYS Thar have become 
helium burwerS And condenSed To A Anrd dewSe Ccoré bot iw The 


Process biew ouT A LAGE AMounT OF MATTER. Stwee 


ITS TOTAL 
Yr&adivs Ro MiGhT be A I000 TIMES 


Theat ot The Sun, ITS Tetf ts 
lower because OfThe Above TElLATIONShip. AT Any raTE we Could 
SwLL CARRY oot The differemtinanon ANd ind STILL perhaps YS‘%o 
o& The mASS IW The hard core boT The ex TVA S®to PS So Sprend 
OUT THAT we rerlety weiSS The rAadivs tn This CASE 


As aw Aside The Question of wWhaT hap pews atter The helium ss 
Gone 1S fA INTECESTING ONE. To born The hokey Elemewl wilh hicher 
\ONt2zATON POTEWTIALS They hAvVE To GET hoTrer Ard hoTreR, What 
happens iS whew The helium tS Gowe |S ThaT chaos SETS IN Our 


beter YeT lenormmce. That is, we dow'T KRwow wWhaAT happens. 


White dwarfs ACE so denSe That They ATE White CLVEW Thoosk 


They Ate coolime off ue., The radius 1S SOSMALL say of The order of 
The car Th and mass of The SYN, THAT They pot ovT A Lor OF enerey 


Pec vant area, The ANSwEer OF how The Red GIANTS TUFN INTO 
white dwarts is a faiey TALE worll Telit LATE t® 


63 


Mira 


Now what ABout convecTion? 


if The stare was A holler cenTer 


And A cooler surface SOThAT The Temperature FAUS AS The 
MATECTIAL MOVES OUT 


, POESN'T THIS meAN WE hAVE TO 


The SoluTION of ANSwer To This 


RAVE convection ? 
CASE OF ot 


is not AS simple AS The 
Air TISING ANd cool Alt TALUING. 

Suppose we have A box of matera AT 
pressvté And wecarre ct To 
The matere EXPANDS. The 


LeveL Pi, né, ConsTrasT 


LeveL Pr, AS The pressufe IS reduced 


IM porrtANce QueSTion US how The Te mperAm re 
iT has There compAte witnh the matter That iS filrcady There. 


\s iT coolers o¢ hoiter ThaN The werohborine sTut& aT Pet \f its 
hotter, IT will Float There And (fir ts 


Less dewSe iT will 60 ON Up, 
So The Question of cowvec Tron {S cowsidered by CRAMIN IAL G The 
LecA\ Temperatures, 


iF we considey Prad. =O | Then The prssere of The GAS fer Adinbaric 
EXPANSION 1S Given by 


p=" 


where v2 %3 for A MONATOMIc jplon-relATIVISTIC GAS 


To DEeTermMine how much The TemPerarure writl CHANGE WITh PR Essure 
we tind 


=> ¥-1 “| 
t= x«#T= pS 


Consider AGAIN Our TWO Ppressurt Levels, 
There with be A critic Al Condition AT 
Which CONVECTION WILL occur 


Rev, 
ANd ThAT is, Tr. 

Bes (EE g B\ 

PSG 7, | 

a comme! teams (a 
dP = eo! dT Ty 
t yr oT 
OR 1 dP 

~<* S¥-l AS The convection Con VETION. 
T IA r 


Whes The bess That ineguauiTy hatds The comdimon STAbILG That 
1S, 1f Tr is hieher Than Th 


There won'T be CONVECTION. 
ConvEecTION Thew occurs IM ALL The MAIN SEQUENCE STARS. Rut 
EVEN ALUTILE ConvecTION MEANS ThE heaAT distribution ts drasTicALty 
ChANGEed. We witt ASsomeE for 


CON VERTIVE TEGIONS Where The force 
Needed TO ocvEet come The viscous draw of The Mater iAl 
Too oreanT, Tre mMachanery 


is mo T 
INVOLVE Md IN CATYY ING 
im portant. 


Te henT 1S nat 


oul 


The STANDARD MoDEL 


As we mentioned be fore ,tf we hd A re LATIONS hi p be Tween The 
pressyce And density our TASK wovid be essenTiAaily. AlL Need be 
CALCULATED woud be The first parr of EQUATIONS ON pace @2. 


WELL, WITH SOME GUESS WORK 1.£., USING Someone ElSes SupposiTION LET, 
be L 
P=fof mn) where fA 1S Some COMSTANT 
Awd let Tris dISTripuT ion hotd TMrovokhovt The STAR. MHIS Will be 
OUT modeL WHich we cAN USE to Examine The diffetemTiAL EQUATIONS 


This EQUATION Witt hotd wa for The convective FEGCIONS And EUEH 
for White dwarfs iT 1s AlmosT A Good GvESssS. This tS CALLED The 


Edd incTON Model To LAY praise OF blame if Need be. 


So TO hEGIN wriTh $rom, 


Po. . 
dP © Mta) ern) 
we find Miny= - 2% dP 
G PCA) df 
Then from d Mia) os NAY Shere) 20) We oce&r 
dn 
d j]-ar> dP = +4nn ¢ pale 
dn Geary dh 


where The Pressure 15 The Above €X PRESSION, 
cit td) 
P= Ae 
The constTANT A beime The dehned as The valve of ee 
AT The CENTET, lL e., 


Pe 
A ad Ctr YH) 
Pc 


If we Now ASSUME for SimplicttT® The dewsity vATIES AS 


P= Ce 2” where ©: OCnr) 
Then 
nei 
“P= Ac © 
And We  obrAIN ede ted " 
pr A « d Om - _yirntey eC 
zs | — ° 
df Pe 8" G dr 
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This can be simputien To, 


Pe cnt) d nde ) = ae" 


lf we InTroDoce The New VArIAbLES, 


e 
- z o< Pe ont) 
fz As a+] apie ]* = —__— 
Pe enti) AN Oc cS 
vshere ‘a’ HAS The demENSION Of LENGTh 


e $.(832)> a 


This EQUATION IS CALLED The LANE-EMDEN EQUATION Of INDEX TL. 


The EQUATION Govet NS The denSiTY DiStTriboTioN IN FANY Teolon Where 2 
Awd ‘GQ’ ARE GIVEN by 


Eee] 
el 


So we Now have 


-~ 


The Above VALVES, The EQUATION musT hotd 


Throvehoot The MASs ANd be SubjECTED To The following bownDARY 
CONDITIONS, 


6-1 3; d8.0 at § =0 


Once N The index, (S FIXED The SoLvTion TO The DifterenpIAL EQUATION 


IS ObTAINED. The resuiTS hotd for MANY STATS Where The STANDARD 
Homer holds of tS A GOOD Approx im ATION. 
The LANC-EMDEN FONCTION 


CAN bE CONSTY UTED From A SEFIES Cx PANSION 
MEAR The orto 1.€, 


, A Seres of The form, 
O= 1+ RS + dS1+ 


Tris @ep series mMouST SATISFY The Above boynDNI? CONDITION; So There 


15 No § Term since d°/se =O AT The origin. Thos we onlt GET EVEN & 
Powers of €. Upow sae tl INTO The L-E EQUATION ANd Eo vATING 


cocfhiciemts | : 
© = | - 7 a iZ0 nel = ere 


IN AlL This discussion of The Guts of The srars There are Three 
QUANTITIES WE ACE MesT INTETESTED IN: The radius, MASS, ANd 


LomissosiTY, WE CAN EASILY Define The radis R To be Simpey 


R= a Ss =~ Pe Cnr) as 
4 ck G 7 

where §, dekines The timst onder aero “of On. and Thus 

iS ASSOCIATED wotTh The ftadivS of The STAR, 


R CeEpre SENTATIVE GA Ph of © vs. S meeht be: 


GG 


— 
LANE -EMDEN funicTION 


© vs§ for the 
MASS MCR) we use The ditferenmiAL EQuATION for 


finn The 
rina) expressed AS A” Fumcrnon fF FE, MCE) 
ag, 
MC§)> f anApcarda 
t+] 


To 
= wSo tor w 
= f 4ana€ e.0 adé 
Since mola d *do 
i g fe FF se ) 
ee teat aneasl a ede) dg 

C), Sx ag) 

t~do 

Se Ze, 


M(S)= = 4n a 
Ee de 


Then, 
SobSTiTeTING bACK ovr TOTAL Expression FOR A 
mcSe) = - Ange | a, 
L IRS d$. 
Bir a 
S28 
dS 


And © 
mega) 2 =] Cae ents 
& ok 
We Now see The MASS of The STAR is) aNlY depend ENT UPON The 
cenT¥AL Pressure Po ANd mdependenT Of The criTicAl PFESsUre Ac 
must KNOW The stope of O VS Se at Sa. 
e ot The 


For A GIVEN 2 WE CAN define some fiver Ace density 


Atso we 
SIAR to be moe MCR) 
eC 47 R? 
3 
o ec§) = MCS) 
4 1a°§, 
3 
Be eee: 


FRom The oe EXPTESSION (Oc cAN be €xpressed im terms of This mMenn 
GENS ITY | 


A, — 


c= a = 
: ; ( 42) 


DeviATING f MOMENT FROM our MASS ,TAdIUS , LUMINOSITY STUDY, we 
Shoutd NOTE WhAT A MESS WE'VE GoT. IT's 


The iwterdependencies, lf we 
whieh we cAN Do There 


fA MESS becAusge of ALL 
cheos € TO Elimin ATE ANY ONE VATIADLE 


WS sTitc A DHrvshicocty TASK To onTtuime The 
piffecre pT inl EQUATIONS. We hhven'T FEALLY DEALT wWITh The opAc itr 


And ENEfGr GENET ATION FACTORS Wich forTher compucATe MATTESS 
becAuvse of Ther dependencies oN TEMperATurEe, PFESSUTE , DISTHNCE, ETC. 
If we Elimim ATE, for INSTANCE Pc , we Then bon'T Know Pe. 

lLooKine INTO The ceatrral Pressore A LITTLE Deeper , we TECALL TRom Pree 

61 that P= RIP/, . 


AT The CENTEr we have Some cenTCAL Temperature 
Te so THAT If We cansider mosT of The pressure in The STAR 


AMISES FRom The GAS AT The CENTER, bL., Pradi ATION IS NEGLIGIbLE. 
The ovr vuaAriabte ‘a! becomes, 


Q@ 2 [ SER 
au GAPc 


1S JuST Some NUMEFICAL FACTOR FESYULTING From The L-& 
EQUATION for AGIVEN TN we CAN Sock Ait The CONSTANTS Up WTO This 


Term And Find, Ue 
Tee ee ‘er: a 


Simst AR LY we cAN OCHTAIN, 


Since &, 


Mer) x 


Mx Te 
R AA 

This MAaSS-tAdws rATIO 18 Useful be cause obsServATIONALLY IT CAN 

be determine And Thus ave The centrac TemPerATure of The guice. 

EddimeTion wAS, Tas WAY, Abbe T PrEDtCT The NTErIOr of The Sun 

had & Te of 20,000,000" 

From ThiS YATiIo 


we SEE Some Thing 
AULTIPLY 


INTETESTING {[f We SINTPLY 
by G The vauversaAl GraAviTATION ceMbA CONSTANT. 
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ThaT Ss, we GeT, 

Ge gc Je 

R Aa 
Where we RecALL GM/[R To be The GraAvITATIONAL PoTENTIAL of 
The STAR, IK we Do This Then we can savy THAT The cGraAorTATION AL 
POTENTIAL ENERGY EQUALS The Theamat Eneroy. It The sTAR IS) IN 
SEQUUBRIVM):E., The Enerert GENERATION ECR) 1S zero ANd The OpAcTY 
Kis infimiTe So NOTHING LEAKS ouT WE cAN APPLY The VIRIAL Theorem 
ot ThermodnyNAMicS, This Theorem ts CONCErNED With The ALEYAGE KINETIC 
enefoy of The PATTICLES in A SYSTEM, When The GAS bAte 15 IN EQuILIBTiuM 
AND The PESSuUTEe 15 DoE TO KINETIC ENECEY AND Prag. 18 NEGLIGIBLE, 
There (S ONLY A LOT of MoOLEecuLES ATITACTING EACcChoTher ANd hatding Themserues 
Together. Since The forces AVISING ATE ONLY From INTERACTING PAIRS of 
PACTICLES, WE CAN PARITE This force AS A GrAdienT of SOME POTENTIAL ENEF6Y. 
We HAVE Then WHEW The attr Action omy depends ON The SeParArio 


DISTANCE T, 
< LY ACTA Paces 


where tr; 1S The posiTIon VECTOR oF The it SPORTEERE Aud Vai; Une 


Force ATISING ON The i particte From Att The oTher PAFTICLES. 


When The PoTENTIAL ts of The ma form , The crfdienT of This eves 
pene Da 3 
So ne “s tiered - 1 cotich 1s AGAIN The POTENTIAL Eneroy V. & 
tL Je 
We Now KNow ThAT 
KE = - <V? 


This wiveS GS some tdeh how Much woRK IT TAKES TO cOMPRESS 
The GAS compfAted To how much IT TAKES TO BE compress IT; 


ReTurvinw Now To The MASS-TAd 1US- LUMINOSITY DISCUSSION , we wANT 

To SeT vp some PreliIMINARY EVALUATION OF The Luminosity, Ir 1S femlly 
PretiminARY Bechuse of AlL The vmcerTAINTIES IADvVetVED IN The EVALUATION. 
If we had The Temperature DisTribyunow tN The star ANd KNew The opAciTy, 


The tumimosiTY covutd be found from 
d Pay 2 KP ACA) 


RecAline ThAT The opAcity WAS A fuorcTion of The density , Temperarore 
And ChemicAt Com PosiTiOn! Everx THING lLookS meoss DLE. Indéed if tt 
weren'T for A mirAcCLe THAT GAVE The pressure The VALUE of, 


P= err 


Alt woutd be LosT, 


e4 


Image of galaxy NGC 4945 showing the huge luminosity of the central i 
few star clusters, suggesting there are 10 to 100 supergiant stars in 
each of these, packed into regions just a few parsecs across. 


WhTthW This Modet Eddinicton wAaS AbLE To tind some how, a felariow 
for The opAciTy, 


K- Hee ¢ 
T 3.5 
where the 


iS Some SactoR About EQuAt To one THAT 1S InSsEerTed 
be cAVSE Me formutA tS MOT RichT corThouT IT. 


Foy YAdDIATIVE EQuiLIBRium we hAd The EQUATION 


dPraag = ~ ear e 
dr anne 
Since Pread = 4aT4 we GET 


tad — Kop 9 


dh Tr 


For oot PreLimary EU4ALUATION We ASSUME ThAT Lk 
The TOThRE LuminosiT® fad The 


L 
—. 
fe 


{iS PrOPOtTION AL YO 


Temperature T iS) ProPportionfl To The 
Temper ATuUre AT The center 7.7 From These ASSUMPTIONS we Sind 


RecAlline from PACE 68 ThAT 


i 
Reet te yt oR Pc Je 
Then, M Pe ALAR 
Tot & Ke Toh we Ke LL. 
ae = 
Pe eae Be TEs R 
or 
5.5 
h~ wr Boro rs 
Ks 
ay SS 
We cAN mow Elimin ATE Te becauSe we Showed a —= ANd we 
find GET AS Ant APPROXIMATE Expression for L 


L Ss ae M 5:5 


This €xPression Tews vS ThaT The LuminosiTY is VERY SEeNsiTIVE 
To The chemicaAt ConnpostTION, Alse 1T Then follows 


‘Tas ferey 
SENSITIVE TO The MASS. ThiS EXPPESSION 15 NWOT Too bAd dor A Roveh 
CALCULATION. EMpiricAlty The Luminosity Goes AS The fourTh Powe R 
of The 


Mass while of course, The menn MOLecuLAr WEIBhKT IS NOT 
KNOWN, ANYWAY Our’ GVESS THAT sTHTS ATE bie GASZ bAILS Looks 
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EDDINGTON hd A LITTLE THICK he deused To sorved The tour differemti Al 
EQUATIONS Ce hAVE bEEN DiscusSING. The THICK INUdLUEd AN ANSAT2, 


e., AN ASSUMPTION THAT'S OKAY, CollecTING The Four fundamental 
EQVATIONS Of STELLAR STRUCTUTE WE have, 


ce), The €QvaATION of hyorostatic €QuiliBriom, 


aPraue=s GMine where P= Kent Pho. 
an fe 7 PRT, ta74 
AA 
Gi). The equation for ComseruRA TON of MASS, 
OMA) - Aun pea) 
df 


(iii), The tuminos(Tt €QuATION, 


dlcay 2 Ana eca) 
dh 


(iv). The eouaTion for rAd ATIVE EQUILIRRIVA, 


a Pade. Ke Lin) 


aie 4n pe 


What €ddinetom pro wAS Te observe The obviovs SymmeETRY OF These 
EQUATIONS, It would be acce tf heni~ min) Then ©QuATIONS it And 
tii would be ANALOGOUS. AS would i ANd IV. By wtroducine The 


QuANEITY Nir AS, 
( : RoR) E 
TR) mon) / *°/0 


where lo And Mo AE The Lummositt And mass oft The crear 


WE CAN GET SOME INTETESTING CESULT, Nar can be mnTerpertTed AS The 
ENETGY GENETATION PET GrAM Of GooP INSidE TAdHUS T AS COMPArEd TO 
The Whole STAR. From This reranonship €QuATION IV becomes 


d Prag _ ~ MR) NCA) Kaye 
dr 4narr Mole 


Wo be fixoTher streak of Good Lock 7(a) Ki 2) * CONSTANT, we cAN 


MAKE A beTTEr cOMPATISON caITh 2). Firs? we tet @ EQuAl The Nieeber FTAcTion 
of meee The ToTAL Pressure Due TO GAS ANA I-73 The Pressure fron 
TAALATION , 1.€., 


GP= Peas 
Ci-@)P = Paad 


where Bx Sor most STASS. 


7! 


Noo dividing (2) by iv, 


dPe K Lia) S AN kh 
> dP 47-6 MW 4nceo6 M, 


INTESrATING from rp TO R pnd regurine Paso aT v= 
Pr= Kn i Pp 
4ncG Me 
where KN 1s The Aver®#GE COVEY The STAR 


Now USING Paz (i-a) P ue 
(1-6) = KY Lo 
ATCOMo 


OR 
Kn = (-@) 4NCG Me 
he 


The Quantity YirA, Was been defined So N(R)=1 ANd Thus 
dECTEASES AS YOu mMovE OuT FrOM The CENTER, Whil€e The opacity? 
GETS Biecer "AS You Go ovuT becaost There's More Soop IN The 
why for The Eweroy TT GET Throu@Gh. So our exercise KAS been 
YeSSONAbLe iN THAT IT TEits oS That Most of The ENETGY COMES 
SRom Te surice AT The CenTeéeR. 


Gone A LITTLE SorTner ALONG This SAME time we CAN write 


Peas ad _ Prag 
“6 


RecALING THAT Pons = PRT and Prag = taT® So ThAT 
AA 


eRT *{£ Lat 


OR 


3 
~ 4/(_£ Jia T 
e Re 3 
Since P~T" and e~ T* we can find A pressure density 


ELATIONSh 
ret ATO 1p, Po pis ae Pre” 

Ls cits] 
if we FECALL Ove sTANd Ard modet sormutA of P 2 we 
see for N= 3 The Two reLlarions ATE The SAME, Thus for nz3 
we CAN tooRK uP The TAbLES Amd Thus ot€T The tuminosiTy, 
[IM This wat we succeed in EuntunaTinG Lb. in Addition from Te 
WE CAN find Prad. ar The CENTEr The we CAN Guess AT (>. From 
M/R3 Pc cAN be found fud Then Te Absoturety. 
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Now leT US Suppose, 


$s where Swi 


K= Koe .- ” 


n 


AlSo LET F 
a 
ECR)Y~ Eo T e 


Sotuines The E@VATIONS AGAIN We GET, 
\ Mm Sts Tts 


L = (comstant | — —, 
Ko RS 
where The CONSTANT IS A FoncTION of H,¥,S 


The QUESTION Woutd AMISE Now it IT hasn't arveady (3hat ATE We 
Done 2 We joF COUCSE Are NOT out To Tesi Theories im Astronomy bvT 
vATHE tf To under STANd WhAT IS GOING Om OUT There. BY GaAThEerinig 
Empirical DATA ON STATS NEARbY We CAN MEASUFE ThetR MASS 
And rAdivs Carrly wedl , EspeciAtly & The sTAt IS bin ARY, From 

Tis DATA The LumINOSITY CALL be deTEFMINed ANd SubSEQUENTLY 
ANd idéh AbouT The Mmotecular Com posiTiION CAN be Gcuessed inTee- 
LIGENTLY. By hAveng Some PhYSICAL Theomeés To CorretnTe WiTh THIS 
DATA FurTher STATS cHAN be MensSured ANd ANALYZED bY A Process 
SimitAr TO MAThHe MATICAL INDUCTION ,t-£.) Wwe prove our formurte OT 
for The SimPLEST CASES Then PeovéecT ITS VALIDITY TO lATGE MumbeRs. 
Thus we hope TO Explain Ouf ObsErUATIONS,. 


Indeed, iT 1S A GrentT ACCOMPLISHMENT of mMaAnKInd To hAve such A 
firm Grip oN The INTETIO€ COMpoSsITION oF STATS mittions ANd biltions 
of mites from us when jin fact, we KNOW PrACTICALLY NOThING AbovT 
The Ground bENEAThH v5, 


The white Dwarts 


EArli€r ts out course we SAID WE WANTED To FinD ovT how Réed 
GIANTS became write dwarfs. To do This ANALYSIS we MovST KNOW 
WhAT IS GOING AN INStd€e These hot STATS. WE mentioned TnAT They 
ATE ACTUALLY DYING STATS Lonich have BEEN Compressed To RAdii 

on The otder of The &arth but have A MASS com pARAbLE To the 
Son. For These sTATS RANy vesiduat heat escapime trom The surface 

VAAL ATES OuT OVEN Such A Sma ATEA That The Thine Looks holler Than 
hetl. Bot temembeR iTs  berner has been exhAusted AndiT 18) AcTUALLT 
cooline off ! 


Simce The TemperaTVre (5 So hich 4&, Of The order oft 10” deREES , 

The Pressure 1s so high ThaT Pep ™ iS No tlowwer A SATISFACTOrY 
ModeL, WESTIN hAVE EQUATIONS ¢ Amd 22 buT we must find AN 

€x Pression for This WiGhLy cOmpressed MATTER. Since The rear 
ThermfAt VAGIATION 1S MEftC The sorface we CAN discuss The duarts 
AS CONSISTING of deceneraATE GAS AT Eero decrees Squeezed bp 
iTSeLf ANd herd ToGETher bY 1TS OWN OorfmurlTY- The iMpor TANT SONCE pT 
we mosT describe 15 This QUANTUM S€EZE SQuEEZE rATher ThaN 
YANdOM MOTION Of The pachiclé AS In Our GASEOUS Theory. 


The MATETIAL WE ATE NOW DEALING WiTh involves The henvier cremenTsS 
becAvSE TO be A white dwarf AlL The heorocen And hetium musl 
be burnt vp. For The Moher ELEMENTS We can SAY There AE Twd 
MASS UNITS PET ELECTTON. WE Want To CALCULATE The EQUATION of STATE. 
vuber This bia 8S @vuéEezE, 


Accotdinw To The Exclusion PRINCIPLE ONLY TWO ELECTTONS CAN bE PLT 
INTO TRE SAME STATE Corres PONDING TO The Twd Possible Spins. Once 

The sTATe IS Titled The ElecTTONS Go To The nicher LevetS vuwrit The 

VATIONS ShellLS ATE complete, But The strucrure of The ATOM 15 


vTTert 4 Destroved My The pressure And EvervTWine IS tONrF2Ed INTO 
free ELE cTTONS ANd NUCLE:. 


WE MvLST consider The @QvuANTUM -MéechANIcS of JAMMING AN € LECT TON 
INTO A box of dimensions Q,b Anda, AssociATEd wiTh The wave 
properties of This PATMCLE 18 A Momentum P, 
P= HK 
where Kois The WwAve Number, 2@T And A is The wrveteneTh 
A 

Since Tne particle 18 free AS The €NELGY IS KINETIC SO 

E= p* = A KY 

am am 
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M=1.0M 
R ~ 5800 km 
Veco * 0.02c 


sun 


we Won'T worrt AbouT The Nocleryr forces because The electrows Ge wer ATE 


Au of The Pressute Since The nocleus CANNOT be compressed. ONLY AT 
ENOT NOUS Pressures coovotd puctesr Forces bE SIGNIFICANT. 


For A SPACE Cube A Wave FfuNcTION CAN be comsrructTéd of The 
Three compowenT w hve fowcmons in The x,¥,4NG 


We TE QUITE The WALE TO VANISH AT The walls so 
We sink, X Sus Ky ¥ SIN Ky > 

Kx 22 ny Ff 

Ky b = Ny iv 

Ka c= ny i 

This wrve forwctnon 


JIivrecTIONS. 


ushere 


, : 
iS Then A SOLYTION To schridinoerS €O VATON, 


edie 
-~*A => £E 
Avy ev 


ThAT 1S 
1 .& 
E= (xg eKy tks") = P 
zm am 
and we chose To detinee ECp) TO be The TOTAL ENETGY, 


€¢p)> Pe 
am 
Thus GACH mode EOVALS A SINGLE STATE, To Fill ALL The ModéS Tegquires 
f tot oF E€LecTroNS infact N of Them, What encror do we hAVE To 
Go Tot AltL The modes Are occupied whew The LAST One To be SQutéted 
iN has The sime P AS ITS soccessot. LET Po be This finfAl momentum. 
Then, 


Ni= number of modes 


WhAT we have 15 


whose’ P> 2 PoX or ECP) G Eol?Po) 


A MOMENTUM SPACE INStd Ee A SPhErEe of 
UrATh EAR Ch POINT corres PONdING To A P, These 
LATTICE within’ Tris Sphere SINCE only 


tTAdiuS Po 
PoiInTS form A TETANGULAF 


CerTAIn MOMENTA or ENEerotes 
Ate Permissitbre. The PoiInTS Are sepArATed bY 4g, AT, ANd KT, whit 
we have IS fe preseNTEd IN The followinG “dr RWING: = 


Pe 


15 


The TeTAL NuMbER of MODES IN ONE OETENT of The Sphere 15S, 


New 2 4n® — 1 = 4 + Po? Vol 
BA 8 3 Aa ah 3 (20-3 
A<covailS For QA-b-c 
Two Spins 
Therefore, 
t _ N 
Mo. of Electrons -: RF 
UNIT Volume v 


Under The Extreme comPressionsS IN The 
10° Times which MEANS Po 
bY 10,000 vats 


white dwarfs N meohT TS€ 
INCTERSE bY AbouT 100 or The Enerey 
Which tS concluswe €vld ence That CuErtThING IS lontged, 


How Do we GET The GQuATion of sTATE! We Need The TOTAL AmounT 
OF eneroy OF The ELECTYONS IN The Box for EfCK mode ECP). 


P 
ToTAL ENErey, UY = \ * Exp) anptdp - ge 


a (aah) 
Since €ecp)= Pt 
zum & a 

U ’ 4 a Pe Po M ‘ 2 

5 am (ath)? 
2 is 3 
To 31 40 Po. V Z 
am 5 3 (zak)? 
Therefore, 


3 (Po 
U > (2 )N 
This sSimPty 


G@ivES of 3s rrmes The AVERAGE cneEercy. From Above we 
see Pow ys 


so ThaT . 
 &/ 
U~v 
Since we would liKE % find The PeESsure , WE CAHN Do 50 SINCE, 
p= _dVU oe | ee 


dV in 3 V 
where 


The pressure iS EVALUATEd over A CONSTANT Number of partictes, 
Thus we find, 


but vi 
Po -|s nh) ee 
8 Ti 
SoTthat, 2 
2 2.3.4 f 3/8 ant” 9%. 
Pe 3 S a Lal nes 


Now To GeT from nto The nuclear denSMY we vse” 


where Mp 
Se we Get That, 


.s 
p> 0s 


— 


Tt 
sm 
Cth) 


ae 


Recatlme our model 
pressure density ea 


n 


When The 
InsEevTT ECP) 
when E 


ENETG? 
[ (met)* + P*c* 


becomes VELATIVIST IC | 
u 
-me* 
is of The order 6f met 


(a Me in 
tS The mass ot The Proton 


3 
if nz “2 Thewwe have anflocous 
And we Cootd Look up im The TAbles 


23/2 To FimD ooT WhAT VAPPENS. 


Wt,, The momEenTA DOES we 
IN’ The wmtTecrAl for U ANd 
Then The pressure coes As ‘ie 


= u 
The c&se when ree I tS «iNTETESTING because Then The Star iS 


'sS 


i 


NEvTY ALLY STABLE. That 
Since The emeroy 


BALANCE EAChOThEr 89 The STAR 


The pressure veises toe fAsT ANd The 


Thus for Powers Hicher ThAN 
A Look AT The CAYVSE Of The 
Closetv?. TwIS is 

ITSELF oder ITS ON 


Since we ARE dEAUING wiT hacompleTELY DE GENE cATE 
The discussiom of White Dwarfs 


CeNSITY TELATIONS hip, 


when 
TISe ANd GrRVITATIONAL POTENTIAL ATTRACTION 


'T 6S sQueezEed To one-hart ¢tTS 


hen P= S13 


bounces oT. 


JOST Stts There. 
bALL wrtl 


Si3, The STUFF 1S STIFF. We'tt TAKE 


Power bETWEEN 


4/3 Aud 5/3 More 


More criticAl bhecAosSe The STAT CAN'T MAINT ATA 
GYAVITANON AL 


ATIRACTION wiThovoT brea KING Up. 


€ Lec Tron GAS IN 
WE musT use The followme 


P=Me Ne 


where Me IS The MEAN MOLECULAR WEIGHT Per free ELETTON ANd 
iS MOT The SAME A AS We Used iw The Theory of Gaseous 
STArS. 
AlSe Ne 1S The wumper of ELecTrCONS PER UNIT VoLUMmeE TnaT we 
tov on The Previoes PAGE, LE 
N = ® Tite 2 
€ 3 
3 (anh) 
The momemTUM Po 15) The Threshold VALUE we used enter, 
Hthe STAR IS TELATIVISTIC So P=«p"3 VUnth The Above value for _ tT 
Turns out ( ChamoraA SeKhAr P4Y22) ThaT The mass ASSUME A fLiniTeE LimiT, 
“ 5.75 
MM Mo 
(Aes 
where Mg is The MASS of The son, 
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4A Pwarf Aad This MASS iT would feALLY be im A criTICAL STATE. 
For tf SomeoNe sprT on The MASS, The Added wEIGhT would CAUSE 


Seog The stAr To cCollLAPSE YNDEr ITS OWN WetohT ANd NEevEr STBP. Some 


TheomeS CLAINN THAT IT GoeS bevounn The relaATivisTic limit and 
FAus TnrdouGh A hole IN SPACE but We won'T Go into That’ See below 


For LESS CYITICRL CASES WE CAN DISCUSS for A MOMENT WhAT Whtppews 
when we STACT TO PILE Up A bunch of cold MATERIAL LIKE The €aArth. 

GF we KEPT PING ON TOCKS _ The Added WEIGHT Would chYSE COMpression 
ot WhAT wes under iT, As it GoT more MOSsive, The FAdIVS Would NoT 

Grow DrAsticAlly bechosre of The compression. THIS Wn pees when The 
Size tS CompaArAble To Jupiter which is AbouT The mMAxium rAAIAL SIZE 

A Cold obvecT CAN GET WiThool EmiTpING herAT Rom wuclenr GewerATION, 
There ATE oF Couid be, heavier ONES boT NOT biecer, 


Feynman alluded to but did not pursue the Neutron star 
transition and further collapse of the white dwarf a 
to the neutron star state 


Neutron 
Star 


Accretion 
Stream 


Accretion 
Disk 
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OPACITY 


Se tar we have put of AN ExpLAN ATION 


ot how The opaciTY tS deTermimed. 
Alone woth 


The deTerminaron of Che ENEray GENErATION hacor , This 
IS The most Im parTANT Anid most digticutT pact of STeLlAar Theory. We 
TETUYH To The MAIN SEQUENCE STAY TO FiesT find The opacity for A GAS. 


RecAUInNce AGAIN Peas = RTe i Prag = 4acT? we remember Prad 
Ys 


iS MechANIcALLY NOT LMPOYTANMT bor it 1s IN The determin ATION OF The 


LUMINOSITY Lint, Ee, 


d Prad = ~ Keka) 
dx 4nR* 


lira) = + wan de] 
Ke d2 

Thus There is A CErTAIN TATE of heAT FlowIne ovt Of The STAr 

of The TemperaTure Gradient i d %ocT% 

interior And The sur fice. df 

Therefore, we musT consider The METhod of Photon diftuston AS The 

heAT TYiES To ESCAPE Throoah The MATETIAL of CerTAIN PA, And T. 

ThaT is, WhAT Are The mechANISMS Tnat LimiT The Pp hoTon From 

ToominG Trrovoe WK RT The Speed af LienT LIKE A NevTrINO CANO. 

The Two Processes we wilt DISCUSS ArE 

(2) SCRITETING 

Czz) A OSOCPTION- TEe-EemMIsSSioN 


oR 


bec nuse 
) EXISTING between The 


FIRST, ELECTRON SCATTERING, The hot SIATS KE, T~10'°K, ELecTraN SCATTETING 


Is AUVErt IM POCTANT Ab sSorpTive PYOEESS. Accord ine To CLASSICAL Theory 
Of ELEecTroO MAGNETIC WAVES, AN ACCELErATEd ELECTYON EMITS FAdIATION Of 


INTENS ITY : 7 
4 
eeckys 28. EY = ar(_e* \/ eps 
3c* gm Cc 3 \ met 4n 


The CLECTYON DrAwS This 


EN EVGY From The incident ra di ATION. IN The 
IncideNT E-M wAVES (CLE vTHdiIATION!, HALE oF The Enero?’ 15 electric And 
hart MAenetric, And The electric ONd MAGNEXIC Fletds Are AT T16GhT 
RMNGLES So TWAT The PoryuTinate flux For The WAVE 15 Ga E*. Theretete, 
The SCATTErF ING Per ELECTTON tf GIVEN by 


u e -2$ 
os es (2..) 3 10° en 
me 


of The parricLe sg ym The denominator, © for ALL 
other = paenictes THAN ELECTION 15 Much LESS 30 WE CONKERN 


umtTh OMT E€LECTTON during SCATIE TING 


a 


Since The MASS 


Oor Selves 
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SeGondly, Ab sorpTION - YE-emission : 


BUtING This Process The ATOM 
‘S NOT compleTELY IONITZEd So THAT 


iT AAS Some Enero? Levels CeFfT, 
A Photen tS AbSorbed To PoT The ATOM tm ome of These biGher STATES. 
LaTer The ATOM TUFNS Around ANd emtts The Absorbed phoTON 


IMAGINE WE have AN ATOM IN ITS GOUMND STATE, SAY Level or STATE M. 


The probabititY ThAT The ATOM wovtd Absorl A QUANTUM oF YAGI ATION Ninn 
THAT Wovutd poT The ATom ty The higher STATE N 1S denoted bY Bay. 
The probAbitiTY Ran tS called The Emmstern 


coefficient of tnduced 
EMISSION. Thos The 


Number of ATOMS GoinG To TwiS higher Levelt per 
CENTIMETET pENETY ATEON ot The pleto n ,oF ThroucGh ITS MERA free pATh 5S 
GIVEN bY, 
No. Gomme vp = Bun Nw 
cm 
(S The wumber of ATOMS Per vntT Volume IN The STATE m 
BoT Then The probAbiliTy That AN ELECTTOM IN The ExciTEd STATE N 


Ems The SAME QuUANTUM of ENERoY bi, ANd FALLS Dowal TO LEVEL Mm 
IS Given bY Anm. 


SponTAneousS EMISSION. 


where Nw 


Anum iS cALLEd The GINSTEIN coetficieny ator 
when The number of ATOMS Gomine DOWN tS 
Less TWAN The NUMbEer GOING Up, The CondiTION for NET AbsorpTION 1S 


SATISHied. The rATION berwocem The PpoPyLATIONS of STATES m ANd n 
IS GIVEN by 


Nm : @ be tet 
Expressinc Them The absorption of CAdIATION AS 
Baan Nm - Bmw Nw 


buT Nn = Nm e “WAT 
So THWaTr 


~ En 
Ne eT teem oes 


~hy 


we wnTEerperl BmaNm AS The opaciTY ATISING trom direct Ard Sorpryon) 
Wwe AAS MAY write The ToTAL Opacity AS 


~hV/pe 
Kay Ct - € =) t K scaterine 


Thus, We See That Ferre The rear Absorprion 1S Made up of Two parts 
Primarily Due TO ditece A bsorpTion, We have ove result vpside~Down, 
however, CONvENTIDN ALLY To OpaciTY tS defined AS 

- < 1 


i 
a: sani Se 
t Kap (- e Yer) +Ks 


Where we Find The MEAN - OpACITY And Thus have A VALUE 
To put im The Expression, 


kia) = “mR (- Pua ) 


eer 


> 
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Another way To detme opacity 'S in Terms ot The frequency Vv. This 


TIME we define The MEAN MASS OPACITY coefficient AS 


~~ ot §8TQy,7) 
1 . jo Ka) dy 
K’ ‘° arity ee 
0 aT 
where IwvT) = zhy3 | 
art e Nar -| 


The wrteernTion bemea quer ALL POSSIBLE Freguencies. 


Within The 
1S Absorbed: 


STELLAR PIASS There ATE Three Methods bY Which FAdIATION 


(i). The bound -Free TYANSITION or PhoToetecTRic EffecT. Here A 
QLVANTUM of CAdAATION of ENErGY ThAT 1S) GreaTer Than The 
BINDING ENErGY OF AN ELECTTON seTS The ELECTRON Free, There 
IS conTINVvOLS AbSorpTION in The Ta-F TraAwsition; When The 


Energy 1S GreATER ThAMN The pHindinG ENETOY. 


(ii). The kree- free TYANSITION. A free elecTTon’ MovING IN -A 

he per bolic orbit under The force of ATTRACTION oF AN 10N 

MAY Absorb # QUANTUM of ENEroYy ANd be Acceter ATEd. 

SINCE A QUANTUM of ANY ENERGY CAN be Absorbed, im F-F TYANSITIOM, 

CONTINUOUS Em Absorpnon RESULTS 
(i2i), The bound- bound TrANSITION OR brEMSSTYAhLUNG. This tS 
where SolitArY ELECTRONS CAN INTETACT wiTh rAdtATION by 
ChANGING The direction And Srequencr of The jwcidenT beam of 
gs” * TAGIATION; THiS 16 SCATIETING- 

W 


Opacity is the measure of impenetrability to electromagnetic or other kinds of radiation, especially 
visible light. In radiative transfer, it describes the absorption and scattering of radiation in a medium, 
such as a plasma, dielectric, shielding material, glass, etc. An opaque object is neither transparent 
(allowing all light to pass through) nor translucent (allowing some light to pass through). When light 
strikes an interface between two substances, in general some may be reflected, some absorbed, 
some scattered, and the rest transmitted (also see refraction). Reflection can be diffuse, for 
example light reflecting off a white wall, or specular, for example light reflecting off a mirror. An 
opaque substance transmits no light, and therefore reflects, scatters, or absorbs all of it. Both 
mirrors and carbon black are opaque. Opacity depends on the frequency of the light being 
considered. For instance, some kinds of glass, while transparent in the visual range, are largely 
opaque to ultraviolet light. More extreme frequency-dependence is visible in the absorption lines of 


cold gases. Opacity can be quantified in many ways; for example, see the article mathematical 
descriptions of opacity 
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Chapt S 


Emerey GENEYATION 


We'lL Now Move oN TO The AreA ot Where The smarts Get The 
ENETGY To KEEP GOING, We wilt Them TALK SSP The enero’ 
GENErATION FACTOr intyeduced eERruer ANd Which we fecALl WAS 
E¢Ce,T, A). ThaT is, (7 1S A Sactor of densit?, Temperature, ANd 
CONSTITUTION, The ANSWET To The Quiry tS obviously — NucLEeAr 
TEACTION, 


Am EXAMPLE of A Possibl é TERCTION would be The conse QUENncée 
of A Proton SMASHING INTO A CAbON ATOM, Le, 
1% 
e@rC —>¥ +N —~er+ye cl 


where ¥ 


v 


GAMMA TADIATION 
Nuvry into 


ty ft 


AN INTETESTING TeSuLT FfoLLows If we CALCULATE The Enerey A 
ProTON woud WhAvE AT The son's INTETION (.E, AT AbovT 20,000,000 °K. 
At Tws TemperAtvure RT woord be About ZO0DeV since eV 
IS AbooT EQVAL TO 11,000 °K. We chm Now Show for Eneraies 
oF This Order ThAT NoucleAr TeACTIONS CANNOT Occur 4 SOLELY bECALSE 
The proTon cANNOT GET Close ENOVGh To The CRrbon ue TO The 
Yeputsive forces. The enerey AT closesT Approach ts 
E> zZe* 
Re 
where fe is The criticht thdivs of ClosésT Approfnch 

I we Do The MATH ftEhT Re TUTNS QUT To be AbouT 

Re = 3.5 X10 cm 


Now for A Nuctéus The r&adiu§ 18 of The order of 


R= A? r.ox10'> om 

where A is A FonctOw oF The stuff insideé,é, The Atomic WEIGAT 

But ANYwAY We seEeThAT Noe 1S AbovT 1000R SO The repulSion 
IS So GreAT THAT The reAcTion Could NEver GeT STARTEd. 


So tar SomeTime The E€ArLY sTeuAr vooere leary of describing Nuclear 
reACNON bur were CerTAIN The Phenomen A must occur, IT WAS onty 
with The Advent of Qvufntum Mechanics That AN ANS wer WAS 

found. Throuch Q-M iT WAS rearrtéd Theat There is A Fite 
PRobAbILITY , é., The BolT2mAan Distribonon e@ /RT That FR proton 
Would have The riehT ENEYGY To G€TF EVETYTHING GOING. 
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On€e The PATICLE APProAches The NUCLEUS, IT MUST Overcome Or 
PENETYATE The porenTine 


Barrier due To The Covtombic TeputSion. 
This PoTENTIAL YiSes sharpliia with decremAse radvs, down To 


The muclear rAdivsg where iT ‘Drops TO A consrAwT NecAnve VALUE, 


vin) 


There will 


Thus be Some ProhbAbittTY factor owen be The rection 
cross-section for 


The COLLISIONS. We cAN GeT AM Ide Of The 
Cross -secrnron, 5, AS & Function of ENEeroy ANd oN The SAME 


GrAph Give The MAXWELL -BOLTE MAN ENEroy Distribution @- o/RT 


WhaT we cAN see From This Drawing, which 1S NOT TO CLEAL, IS 
ThaT most oF The reAcTioN Occurs fiohT Rround some Bo, né 
Two cutves Are mulTIPUEd TOGEThEr. 

of 


For €NeErTrorEes 
ooo AK we Are To far ooT ON The 


., The 
COnTY! buTION. 


ot The ocder 


e8/kT To Give ANY 
AT much lower €Nergies, SAY 


s-10 AT we recha 
Tench of TeSONANCE Of SionttiCANT CONTYI buUTIONS TO TEACTION, 


WhAT we MusST BDO IS TH SEE how The WwAveE 


ProTon THILS Off EXPONENTIALLY AS IT 
of The NYCLEUS 1g 


To hetp 


tuncrion of The 
COMESR INTO The reoionl 


bevond The cwiricAl radios. 
The NEXT Priwinw MiekhT heepP, 


AS iT G@OES 
UNdersTANd 
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region OF 
EX ponEN TIAL 
DECRY 


WAVE SuncTion 


| 
| 
| 
| 


So we write down Schrddincers EQUATION, 

-Rivty + Vp-EV 
The LAPLACIAN OPErATOF <AN be wrilleN for A sphertcAley S¥ Mmetric 
ObsecT AS 4d (rid ) 


or AS A MOTE CONVENIENT form 


44° 
$d AY) 
Thus we have, 
& d* (aw) = (V-E) (ay) 
tm dat 
Where V-E = €et_ Ze™ 
fre fre 
So we wrnTe dt (ie) 2 2m ze ( 1. 1 \(2¥) 
dn A Re fre 
Now mAKE The SuobsTriTuTion, 
- QR 
e G(R) _ aw 


That ‘ - " = - 
Fe s(n) = - aye ace And day) be (AR) + Peay e aie 
da’ 


Then’ Schridincers EQ, becomes 


rT] 


" = re 
-@ CR) + Dry am te (t-+ 
“Rt fu fle 
We CAN Go ONE STEp furTher Amd LET 

u* = @' 
Then ? 
-u' ut: atméet 


So we have introduced A StIGhT NON-LINERTITY IN The 
EQUATION by veducinG@ ir From AR Second To first order 
differenTiAl E@ VATION. 
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Over The raNce of R where Wwe Are CONCEtNEd 
Good APProKiIMATION WE MAY USE 


U= fa Ze* J/i_lt 
“Ae Ye Re 
where ' 
ms “Ya 


\.é,, For very 


ae (4-H) becomes 


| na ime’ a wee’ (2 atk } 
ARtP roa (a Ne te he Ae 
fh fre 


RecallinGe Mow ovr SURSTTUTION 


dum = Qa) 


dA 
WE CAN woriTe The FUNCTION AS 


ny x exe|- i (HE 7-2, bs] 


PENeTTATION cAN be Expressed AS The PoobAPiliTY 
of The AriPlitudé sQuared AT Rm Over ThaT At Re 


or 
(RV) on, | 
CRAB) cscs 


The a »vadius , hAaS A place 
ot PeENeTrATION disTANCE, 


Fin Ly Ther 


IN The Amplitude bechuse 1T IS A MEARS UTE 
Simpy ENouch Then, 


Re 7 
é ae Pees en! dix. 
vo he Ae li re 
AccordinGe To The WKB ApproximATON We cam Express The 
function AS : 
we exp lz s) 

where Sis aduyction of X ANd tS A PhASE tactor 

The physical Stomificance of S 


IS Thar iTS rate of ChANGE of 
WITH PosiTION O5/., 1S EQuAL To The meqn MOMENTUM oF 


(aw)* 


bw huve 


xX 
S= 2 Pdx where 
Then 


p= exp[ iJ tm (E-V) dx | 


APproxnimaAted be f power SerTies IN KH, HE, 
z 

S = SotX) te K NYE ©,9) + a $04) - +8 

This ApproxtmATION tS Good ONtY For 


by ASSUMING That The wahve fuNcCTON 
Tne form it would have 


Pp ~ \tm(é-v) 


S 1S more Gemer ally 


Stowty chANGING Wo hve LENGTHS 


'S NOT chANGEd much from 
tf V were conSTANT. Thus we have 
SimilAr TESULTS 1F WE MAde The SYbSTITUTIONS So we: ATE About fIGhT: 


8S 


The 


Zero 


INTEGCAL INVOLVING The The Hicror 44-1 Shows AS TL ApproAches 
The A Tetm domimATES IM Such A WAY THAT ONE you MAKE 
iT AS Tee AS TD Tm iT Doesn'T TAKE THAT much more ENETCY TO 
Go A UTTLEe tery further. 


So we WANT TO EVALUATE 


Re 
I= [ Seer d 
P) R Re - 


HAKe The substTituTIONn 


L> Re Aiw* Aud dr 2ReAmocose de 
Then 
fu 
r= |, Re homOcosofit _, de 
“Te lowe 


We 
I- a ZAjRe Am © cOSe 


yy Am © 


Ss ' 
= \ Aire cose d@ = 2” e : Th, 
o = @.1 . 
e] =4 y Amaze | [eu 
So ouc PeneTCATION FACTOR AW Now TAKES The form 
J 2 
Exp ees — Re | = PeneTrANON FACTOr 


We coutd chose TO write This tn Terms os ENErey bY FrECALLY 
u au 
Ze s3&E or Y = te 
Ac 


E 
exP| - Ty ae | 
KTE 


If we Expressed The €nerey AS 


2 Then 


= t 
E>imv 
Then 


_ au ze 
Exp %, ay 


where wt iS The reLATIvE verociTY Of The Twod Thines COMING TOGETher. 
“DiMeNSioN ALLY WE CAN Check due 


resurT by w RewritTEen6e iT AS 

_antet ¢ aaa (=) 

Bol aioe “737 vw 
e Be een tS 

IT 1S) WworTh WHILE NOTING THAT 1 oe 1S MOCh GreATEr TRANONE, 
CLASSICAL MechAmicg® 1S sot ficient 7 descmbe The YeAcnont Sut th 
ITIS Much LESS THAN ONE, WE MUST GO Te QUANTUM Mecthrnics 
To describe d The scAterinc. A kistoricat NoTE Bohr Jost 
happen to have worked with The caSe where The fyctor wRhs Mock 
oreATer ThAN ONE And Mirfcvlously GoT The FIGhT SCATTETING TESULTS 
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FINALLY we CAN write A SCRITEMING CYOSS-SECTION for The TeAcTION AS 
: -Z,Z.e° 
OoCE)z=e *V , 1X: f(g) 
where FLE) 1S some SmooTh funcTON Of ENeroy And TAT TCE) 
is The rate of The rencTON Modified by The PEewETrATION 
factor TAKING INTO cCONSIdEFANON Those with proper ENEroy, 


This Factor 1S SOSMA@LL HAT WE CANNOT obsetve iv EX PETIMENTALLY, 
Durie The LiFe of The Son, for InSTANCE, The TEACTION Occurs Of TEN 
for iT TO be SrentficANT. In The iAb The 


scartterinG Cross-SecTION 
iS mMeASUred AT hioh ENMerciesS ANd by 


TAKING OvT The Amount ypeduced 
by The PenmerrATON Sacter IT \S Posstble To Get AN IdEA of wWhaAT 1S 


Wappening. There fre some resonnces AT cerTHIN higher enereles 


buT IN The rAnwee os Lower ENEerGIes Which we cANIT direcTLy 
LNOrK with To see The ScAITer There MiehT ALSO be A rESONARwee. 


If There 1s) Then FCE) is moT varyinG AS we Flaured ANd WE hAve 
To correct WwiTn ANOTher APProximATE. A Graph MIGhT Look LIKE, 


\ TESONANTS 


‘a 
ws 
EXTCAPOLATION 


t 
‘ 
t 
‘ 


VOoK vartS Ener GY 
We Are AT A LITTLE Loss AT This POINT becAVSE The Theory of NUCLEfr: 
TEACTION “does NOT Suffice To exptAIn how The funcnon FCE) behaves. 
We MoST KNOW More AS TO which TEACTION predominate bechuSe IN The 


SUN WE KNOW A proTeN-ProTON INTEC ACTION Give TINY CE) 'S White 
ProTON~ cArbow Twetve Give big fe), 


Considerine A Mixtore of These 
TEACRON ComPLICATeES The Theory, 


FROM KINETIC Theory 


Be RAG RTE The: TATE oF -RESEMIO 
Occuring AS, 


a€& 
YATE of TEACTION = VU TCE EG Rt 


where wis The mutual verociTY ot The colliding PALTICLES ; 

OCE) 1s The TEACTION CroSS-~ SECTION OCCUrrING AT The Given 
-E 

ENeroy VALUE And e@ Cx Gives The PercenTAGE of PAFTICLES 


with The YiohT ENErey to UNdEerGo YEACTION. 
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This re€ACTION YATE CAN be ALSO wriTTEN IN Terms of AN INTEGTAL 
over The STEQVENCIES Or ENETOGY ANG simpltitied by colLEcTING ALL 
The CONSTANT ANd oTher car bAce IN A Nice function FCE), ye, 


~E/pr 
rate = (4nctors) \ voce) e yidy 


INSEYTING The vAtue for oce) (we CAN wrtTé 
-BE “3 
TATE = FrE)e e dé 


lw here = CLE 
C> Rr 
Since The TeACTION PrimArILY occurs ATOUND The bump ,né., AT Eo 


AS SEEN ON PAGE 83, we would LIKE TO KNOw Where Twes is. 
Thus The Problim 


1S To Find The mAXimMUM ot The INTEGrANd. It 
WE CONSIder Fre) TO be Nice ANd SMOOTR We Witt JUST EVALUATE IT 
AT Eo To GET The CONSTANT FCEe) which we NOw TAKE ouTSide. So 
WE ARE LEFT WITh MAKIMIZENG The ExpoNeENTIAL FACTOR, 
@e+b 

YE. 


A minimum AT Eo which makes The €xPpoNenT 
MAKIMUM, We cAN Approximate Eo by A GAUSSIAN Curve NEAT The 
MINIMA Add Then Ppretocm The INTE OrAL, 


This AtaoumentT Wns 


Thus we differeuriATE The ArcumenT with respect TO & And seT EQUAL 
To ZERO, 

d (pE+S ) 56 

dE 3 Te 


Which GIVES Upon EVALUATING AT Eo 


a= + 


2 o) 


Since we WANT The prodyct @Eo we chN write, 


Ae = bes 


oR 
Eo = 


8 


Since we ATE ONLY CONCErNed AbOUT First order FlucTURATIONS 
From The PoInT Eo wé WHITE 


E = Eo (i+) 


INSEVTING This tNTo ®E + b ET! And EXPANdING Ci¢xy /2 Wwe Sind 


BECI+x) + b tase) 


{Eo 


(i-gx+3 


RETUYNING NOw TO The INTEGTAL WiITh The Above ESTIMATION ON 
The EXPONENTIAL TERM About Es we SEE 


—— -3 6 ra 
YATE = FCE,) e@ =| e Tks Eodx 


wubere dE= E:dx 


This inTé@rAl 1$ Now IN The GAUSSIAN Form ANd CAN be Evaruated TO 


A -3 Eo 
ay Sue | Ee e ‘ § CE -Eo) 
3b 


Where The Setth FUNCTION SCE-Eo) Shows ThaT EVETYTHING 
hAppens A Eo 


The ENnNérey PoInT Ge is OVEN bY 
5 = b s 
af 


or #&S OThers WRITE 


“Ege (Ree BAT) ey 


where A= A. Ar 


The vedoced ATO Mic WEIGHTS 
A.tAr 


This The t 
NUS The tAwW Used To ANALY Ze The reacnon rATE for Stats, 
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Here starts two important topics that Feynman tore into as only he could 


There ave Two CLASSIC QueEsTIONS which AYE ASKEd AbooT STELLAT 
STrucTure > 


. AR 
(2) WHAT 1S The OriGiN of The See 


Sovrec ENETGY 
(2i) WhAT 1S The orioint of The Proportion oF The ELEMENTS 
And ISoToPES 


Either Alt The Current ProPorTioNns fesutTeEd PULING SOME 


Gig ANTIC EXPLOS\ON AT Tne Time OF The UNIVErse's CrEATION or sThe 
PoporTions ATE beEWG MAINTAINEGd by The formATION of New STATS. 


There (S EVIDENCE The heavier ELEMENTS ALE bEING SYN Thesized 
bY some sTArS, For A CerTAIN CLASS OF STATS, cRLLEd The GIANT S-TYPE 


STATS, Show AMounTS of Techwetium IN ITS ATMOSPhere. SINCE The 
LONGEST Lived tSoTOPE oF Technetium has @ hAIE-LIFE TIME oF 

Znio> YEAS which 18 LESS The AcE Of The STATS, IT MUST be 
mMANUtAcTured bY The sTHM. The AcTUAL PrOceSsesS For This SYNThesi2ine 
Are for; for The #bove process 1T 18 ThE MEVTTON cCAPTuUrE Process. 


We wilt bEGIN The diScuSsION of These processes bY TALKING 
About The HYDTOGEN BRUrNIne Process Since most of The STAT stuff 
iSh¥vroGcEen IN The §Tr's YouTh. WE cAlt This The Proton- Proton 
CPP) CHAIN. This 1s perhaps, The MOST IMPOrTANT CEACTION for MAIN 
SEQUENCE STAYS or STATS with The TémPeratre AbOUT ThAT of The Son. 


The cvele STARTS OVUT AS Two Protons hiiTiING ERCchoTher, 


(1) P+P —>D+t@6l + Vine. deutrium + Positron +NUTTINO 


The muTtino IS LOST ENETGY bECAUSE IT 18 Shot Cuf wiThouT LosiIne ITS 
ENEtGY DuUtinG ANOThEr coOLLISiON. The Theoreticar rate of Ths renacnon 


IS GIVEN by 


2 
rate = App H 


z 
where H =WNe 
And A= <ovy Thus A= ACTemp) 


Since o 1S So Small for This reReTION, IT IS NOT Observed EXpEerIMENT 


but iN The SUN The stAmniNo Around of Proton (§S Sd tre quent ThaAT 
The reftcTion! CYOSS~SECTION tS IMPOTTANT. 


The Above TEACTON (tS MOT VETY STALE because IT IS highly IM probAble 
ThaT The Proton fandS iTSett tw The Ground stare of devuTerium, 


Also, i$ Ths were The onty reachon , The SMr wovtd Soon turn 
up And Turn INTO AA deuTertum mASS. 
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SINCE we observe NO déeurTtiIUM We ASSUME EITher 


(i) There Must be A TINY MATTIXELEMENT Of beTA decay 


(i) There 16 A chance of Nucterr PENETYVATION 
What G1 MEANS 


'S ThAT There tS A smMAU PrObAbILITY ThaT The 
deuTron te. 


The devTERium Nucleus UNdereoes TYANSTOIMATION INTO 
STALE SPECIES by Emission of €lTher ELECTIONS or Positrons 


These Two processes define bETA DECAY. 


We interpert (i:) TO MEAN ThAT A PCOTON cAM PeneTrATE INTO The 
deuTron ANd CAUSE A NUCLERG YEACTION, 
3 
(2) Dbrp-—-—- He + ¥ 
ThiS Process Wrppens vety EASILY ANd The rATE IS Given by 


TATE = Xpp HH: TD 


where Ys A Gamma ot FADIATION, é., heaT 


The Above Two PYOCESSEATE Common To The follow ING Possible 

SYbSEQVENT REACTIONS, 

WE coutd hAVE The refAcnon of The He? 
(3) 


ANd we sce 


*s COLLIDING LE 


He?+t He —> He t perp 


we ATE bACK TO The noo ProTOoN TERCTION. The Cycle 

ends here wiTh T MeV °Ss otf Enwerocr being Telensed coiTr The NCutt wd 
CATTYING AWAY AbouT 1.9 Ve of ThaT heure. This process HAS Thus 
BEEN CALLED PROTON - PROTON IL And is SuMMATI2zEd AS 


P+Pp —> Btryt D => D+pPp— He ty He + He? —> He +P+P 


This Process 1S Stow And Thus determines 6SsenTIALlLy The comPLETEe 
TATE OF TEACTION, ThaT 1S, The oOThey Processes, To be discussed happen 


very FAST. For Those recestned.. The Feynman method of ThiNKING ACoUSTICALLY 
WILL heLP To GET A Feel from whaT 1S GOING ON. This Process Goes - 
blurp- blorp - biurP while The subsequent ONES Go Yur-ver-r-r! VF 
Thinw That wR cAN GET FEYNMAM To hig Prominence IT CAA GET YOU 
TwrouGh Nucteat REaACTONS, 
There Are A SET of DiferenTiAe EQUATIONS WHICh CAM He Written 
For The TATE Of ChANGE otf The ditterent SubsTRyces, For DeuTerium 
zm 
dD: « Are H & hacieD 
dt 
where HaANd OD repre SENT The coniceNTrATIONsS Presen7T, 
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For STEADY RurNiNnG j.¢ 


where The deuterium cChANGE IS ESSENTIALLY 
BETO wed WE CAN Solvé for The ratio of DIK 
dpe = 
2 Xev H 


Since A= ALTemp) AT The 20,000,000 °K of The SUN This number 
iS About 107'8, 


WE can sahely SAY ThAT There 1S NO Devieriom IN The Sun oR for 
PYECISENESS one PArT IN 1078 | We shall Note ThAT The rfno of 
Di Fer Sef water tS AbosoT Yeax104 The wature of This 
MISMATCh ts NOT KNOWN, SINCE The violAnoN 18 here ON CATTK 
we must have LOST A LoT oF hydroGeN Some why 


We NOW Go oN TO CONSIDER ANOTher PoSSIbLE TEACTION THAT bEING 
WwiTh The ProdocTION Be He’ The Ree ot COLLIDING wiTh AN He® 


(4) H ity 


+t He? —> ae +¥ 
RECALLING OUY FIFST Two STEPS INCLUDE (1) And @) we See: AWOoTher 
Gamma of ENETGY IS LosT, AS The concéncTrATION oF He buttds 
reacnon UW) 1S more ProbAbte Than (3) because 17 1S hArder “For 
Two He®'’S TO Find EACh oTher Than for a He? TO Find A He 
BUT RBerylLtiuom seven 


ISN'T VErY STABLE ANd Under Goes berm AECAY TD GUE 
.7 
(5) Be’te — Li ty 
ThiS TeACTION (S WweAK buT LiThium Seven INTETACTS With A proton, 
7 
(6) ui 


+ He’ 


+p —7 He" 
This is Avery Fast TEACTION CONSIderING The high CONCENTTATION of 
ProTON IN The STAR. 


If we Go bAcK To STEP (uy) ANd consider A PFOTON coLLIDING wiTh 
f& Be’, we see That, 


(7) Be +P B® +¥ 
TBuT Boron E1ohT immedi ATELY UNderooes decay, 
(8) Be TS wet + et +V 
Then, Fin ity 
@) Be® te oth He’ 
This (S 


cALLEd Proton- ProTon TH Process whit€ Uhe steps Y~6 
describe The P-P iL process. P-PID Loses 27.3 %o of The enerey 
Produced Te The NuTYIND Which hA&#S Soch A SMALL (AHboUT tera) 
CYOSS-SecTlom ThaT IT ESCAPES.: Amono These Processes PP H 
(S MOST IMPOCTANT, 
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So far we hAVE ONLY Discussed The Proion- ProTON ChAIN which 
Occurs IN YOUNG STALS.DUFING This ProcesSS NuTTINnoes Are tiber ATED 
which chert AWAY A SMALL AMOUNT OF ENETGY, We wootd LIKE To hAVLE 
RAR Geod NOTING DeTecTOr Then We covoid “ see The center of The str 
Since The sheaot rienT Throveh The ASS. 


The rate of LiBErATION of N€uTTINOS tS S30 high That AT The earths 
surface The ftux of incomintg NeuTriwoS Fron The Be’ DELAY IS 


? t 
eBe?) = lo Per omy ce, 
And for The Roron decry 
cB) seo. ~Perem /sec 
Which tS AN f ENormous GPOOUNT Of NGUTTINOS. 


Some PEOPLE hAhve SLUGGESTEd ObSETUING The SE MEVITINOS by obSecruInL 
The reverse RETR DECAY CHhUSEd by LOW ENECCGY NEVTTINOS from The 
SuN WiTING A bATTEL of CT bon TeTrAchtoride With A LITTLE Chlovine 
DNITING With A NEUTYINO To form Aroon 37 F AN €ELEcTVOAN, 


CR eye Ate 
Most of The neutrinos would be observed of come Seon The P-P OL 
VERCTIOM becuse They hAVE The hiwhesT ENered EVEN Thoveh The 
Above $LUx TATIOM SAYS The P-P I rencnon Produces *GBoutr A 1000 
TIMES AS Mwy AT he EnrTh, EVEN with Tas tAtoe frvox only Abovul 
Ax1o735 Atoms of CR37 Per SC/per amm would YrderGoe This dEechy, 
WE would NEEd Men A bout [00,000 GALLONS ot CAfbow TETYA chtonde 
T SonificANTLY MenASure This bom back ment, 


so 
Not ONLY Wovtd ThiS ExXPETIMENT be ExTremely COsTly Butts VESOLTS 
would be NiGhlLY ProbAblistic bE CAUSE WE Would ONLY GET ONE LESYLT 
$0 IT COULdN'T he ChecKEd. Such spurious ettects AS GAMMA RAYS find 
6Ther Such ThincGs could iMTYoduce LaAtcEe Er fOrs, 


The Probtém of The cenTury 15 To Devise A NEUTYINO Detector CRPAbLE 
of GreRT ACCUrACIES, 


NucleaR SYNTheEsis 


IN Tne above rEACTION WE STATE wiTh heiprocen And Get OUT helium, 
With Tus FCEACTION IT IS IMPOSSIBLE To GET ovT oF ThIS cYCLE bechuse 
There 15 NO STHbIE ELEMENT NUMber 5, IT 1S Possible for Hed And 
He“ tr. combine To L:? ber THAT 18 Very ONSTA bLE Awd QUICK Ly 
COLLAPSES bACK To Het Matbe He" +He" yterd Be® bot Be® Quickly 
DecAyYs To ZHe! So There 8 LITTLE Posstblity of GeTTING ot of 
The crxcte here, 


73 


Question: Where do the higher elements come from? Hydrogen burning alone can't 
explain the process by which the higher elements are formed? 


The Problem ot hous The hicher ELEMENTS coEere So rmep WAS A Trug mystery 
drStAPPewEMent To The TheortsT. The Theory ot WYDroGenw humiwse 
JUST cAn'T Ex PLAIN how These CLEMENTS WEre formed. Uf use CALCULATE 

The ratio of These INTEC MEdIATE ElemenwenTS of isoTmPes Ly Li’, Be, 
RE TD The concenmTranon of hY Drogen we Find Dut To The hore desu 


Quick reacnon The yATIO 18 VIrWaALLY Zero. 


Tis A mivACLE TART They ExiST AT AU AS rATe AS They Aré. There 
Seems To be More IN These ProporNoNs Than can be understood. 
The CuvrenT betief in The litce” ProporNONs of The eremenTS found on 


Gar™m Seems TO bE Due To bambardment of GAMMA tAYS Such THAT 

bra And Pleces of matter Are KMocKed off of hioher ELEMENTS ( TuIS 

PrOCESS LS CALLED SPALLATION ). Where ThoSehigher EClemenTS CAME trom 

\S QuéSTIONAbLE Awd The AY Que MENT 1S NON-S€QuiThr C1... 1T bees The 
QUESTON ) Unless we AceepT HoyresS Theorp- To be Discussed, 

\f The P-P TreACTION WAS The ONLY ONE, We would be tn A LOT of 
Troubte. Maybe The JUNK ON EfrTh LS The resutt of Some STAY THAT 

Ex Propep ANd sPiT The henuier cra P OvT TO Give US The ProPornons 

Wwe NOL SEE. But Evere Clement PTESENTS its OWN PROBLEM And 

They S€em TO Sorm A TEAL ChALLENGE TO Figure OUT how They were formed, 


WE'LL come bACK To The QuesNon Of SYNTHESIS ff LITTLE LAPrer. 
Now we TwrN To ANOTheY NucteMnr rentcnon— 


CARDoN- NitTRocen CYcle 


As A Side reacNon To The CN cycte we will Discuss The C-N-O 
WW 
cycle Or bi'- cycle AS Some TATher cornHy SAY. WE consider A coLliston 


Of CATboN IU Noclevs with A ProTN To form NiTrocen 13 PLES A GMA ry, 
C'*+p —> NUty 
INF ShorThANd NOTATION we ShALL USE, 
CCP y) n'3 = Cap ae? ty 
TO MEAN The sAmMe Thing, 
The r€EACTION ONCE STATTEd CONTINVES ON IN The followING MANNER, 


C'*cP, IN (A w)C'3¢ Pv) N“( Py) O'§ Cat vINSCP x) C!® 


The resurtT of This whol CYCle is To Probuce back The carbon 

Nucteus Cc Plus flour Prorons wich Combine To yrm A helium 
Nucteus, Thus Ci ServeS AS A CATALYST FoR The Producnon 
Of hetium. Rie@hT Mow we won'T worre where The C™ cAmME Prom. 


This TEACTON WAS PraPosed before The Proment- Proven cycle sp 
IT WAS NOT KNOwN Where The ENETGY crne from T GET IT STHITEd. 


Also \T \s difficurl To carculate which TEARCTION 1S dOMINANT. 
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Another side bar about incompetence in the workplace. Note it is 2 years later that the 


Peter Principle was published by Laurence Peter, then at USC. 


Whieé we AYE WANDdDETING ASIDE IT MIGhT be A POINT of INTETEST TO 
PoINT out The CLUE To UNDEFSTANDING Ever’? TniIne, INEvITADLLY 
when A MAN of COMPETENCE ENTEers INTO ALINE of bUSINESS There IS 
SOME brockhefhd Above him Who wat has To be AN IMcompeTenwT 
IDiol. WHowDiD he GET Trere? If The @ lesser MAN ExhibtTS his 
SKILLS he Soow with be Promoted TO A POS INON OF Hivher STAVE 

And TESPONS IBLITY. As his COMPETENCE INCTEASES So DOES hiS IM POrTANE € 
UNTIL he Too IS PromoTed out oF his OWN Limits And he becomes 
The buNeliNG feol he Once ScOKrNEd by Then, however, he doesn'T 
LooK frround And is Less CriticAl of his Peers ANd SuPerors. 


COT INUING ON wiTh The cArbon- NITTOGEN CYCLE we must NoTEe THAT 
for This cY¥cle To bEGimS rE @QuiresS The Presence Of cATbON. Where 
Dio tT come from’t (T isn't A STH bhLE ProDUCT oF The P-P cycle YET 

IT IS PrESENT, 


After The hypRoen 1S ExhAusten The sTAr Goes Throveh A Gr AUITATIONAL 
CONTYACTION Which réesuLTS IN A Much hicher TemPerhrute And DEWSITY, He., 
About 168° RK And loS emice AesPecnvuecy. These Are The Red GIANTS. 

Ar Tnese ExTrEemMe CONDITIONS helium tS Fused wiTh 1TSEerf To form 
CAbON. The rEeACTION WAS PLOPOSED by SALPETER 


Het+ Hed + 95 KeV — Be t¥ 


Nor ONLY DOES Tris TeEACTION CONSUME ALOT OF ENMEFoCY RuT AtSo The 
Pevyitium t$ Ver’ UNSTHAHLE tat Its Ground STATE ANd DisinTEerAtes 
BACK InTo Two helium ATOMS IN AbouT 10" SEC. So how Ro we GET 
Carbon ? 


There 15 A STYONG TESONANCE 1m The He tHe ceAcron aT AbouT 310 Kev 
Sock Tant The helium PiddlL ES ATOUND LONo EnouGh for The Reo concew- 
Tr ATION To Buitd uP ENOUGnw So That 

Be® = 10 4 

He 
White 107 of Something ISN'T Much of ANYTHING IT 18 NOT NOThING. 
So, There 1S The PossibitiTy Of The follow ING TERCTNON, 


1% 
Het + Be® —> CC +¥ try Mey 
SatPETer ESTIMATED AbouT tim lol mucter im A STAT 1S A Be®& in 
DYNAMICAL EQuIlIQrium IN The Gbove Process, 
To SAY A PEACTION CONSUMES ENErEY OF 1S ENDOThEermic MEANS, IN The 


CKSE Above, THAT The bounn STATE of The Rerytlium ATOM 19 — 4S Kev 
below The IonttaAnon POTENTIAL where The electrons would be tree, 
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Hoyle im ProPoSING his STEADY STATE Theory Aroved ThAT The INITIAL 
STEW AY MATrEr WAS hWydrocen. AS Such IT WoULd bE EXTTEMELY UNLIKELY 
TWAT Me TESUTING TEMPEFATULES could NoT PoSsibltY creATEe ENOUGh 
Be8 To unite with Het tm crente C'* And Thus cet The hicher €lémMewTs 


GoING. HOyLe Proposed ThaT There must be AN ENErGY LEVEL AT 7.360 
Mev of even Parity And SPIN O for A pecny To C'* + ¥. Hts Theory 
Testéd vPon ThiS PONT otherwise he couldn't €x pL fin how The oTher EleméenTs 
were formed. Hui ANNOoUNCEd ThiS Te The Nuclédy PhYStcisTS who wouldn'T 
be eve & They hws mMUSSEd Such A Level IN SPEecTroXOPIC EXAMINATION 

of Carbon, They Senrche 0 AND FouND @ Level AT 1.625 Mev of The 


MohT SPIN AND PARITY This Then €xPlAINed how The heat KePT burediwe 
IN Tne red GIANT. 


Hoyle Hrd Theorttéd ThaT DurinG NUcLEAr TEACTION of The first Gener ATION 
STHY ue. The hyeproGen burmersS SomG of The henvity Erements: where SYuThESIted. 
Seconf’ GewerANon sTHrs which con GenteD from The remains OF A firSTr GewerAqion 
CONTAINED TheS€ hiwher ELEMENTS but burnT pPrimArILy helium, But The 

CYCLE IS TEPEATED ANd The henuier ELEMENTS GeT more PLEMTIful. Rul 

Hoye hed To GET The heat trom somewhere To Tre o€t The Ct formed 

And he waS CorvectT IN ALS PredicTion. 


However, he uN for TUNATELY AbANDONEd hiS Theory when ExAGEerATEed 
YVESULTS CONCEYNING QufSArs Led him tT bertevEe HIS Theory wh 
INCONSISTENT, With A More chré ful STUDY He wishes NOw ThAT he hAdn'T 
mMAaAdE WiS STRTEMENT, For NOT ONLY DOES htS Theory sTHWD AS A MILESTONE 
IN Astro-Physics buT 1T rePreseNnTS The Power of careful Think ING ANd 
reflecTING The ProPernés OF The universe INTO The ATOM. 
Feynman on an accidental universe? 

WhAT we reALLY NEED TO STUDY Are The MIRACLES of The MYSTEreS 

IN The universe. The Character of The universe deEPENDS ON Too MANY 
“Aecipents! Ir seenmS UNLIKELY That God Gave Hovte AN ENEereX Lever 
ora ~» So hiS Theory work out. Other “ACCIDENTS” LIKE The MASS ot The Proton 
me) » bhewe & TY bit SmALLEr That The MEéuTroN Have FAR REAchING 

Sm 57 COnseQuencesS AS To The MATUrEe of OUr UNIVETSE Just how much of 

—_ WhAT we SEE dePENDS ON ACCLTIDENTS 2% 

Stellar nucleosynthesis refers to the assembly of 

the natural abundances of the chemical elements 

by nuclear reactions occurring in the cores of stars. 
Those stars evolve (age) owing to the associated 
changes in the abundances of the elements within. 
Those stars lose most of their mass when it is 

ejected late in the stellar lifetimes, thereby 

enriching the interstellar gas in the abundances of 
elements heavier than helium. For the creation of 
elements during the explosion of a star, theterm 97 
supernova nucleosynthesis is used. The goal is to 
understand the vastly differing abundances of the 
chemical elements and their several isotopes as a 
process of natural history. 


IT TAINS OUT The YTERCTION, Hei + Bee > cay, is A darn Hard WAY To 
MAKE C'* buT IT 1S mide ANYWAY. Perhaps There 1s ANOThe WAY IT CAN 
GeT Goind rnd, Indtéd, There tS: 


3 Haves Cay 

ThaT 1S, IN The core of Red Giants Three heltums Ger TooeTher 

FASTET THAN A helium cAN find A SCATCE Reryilium ATOM To SMASH 
Apart rnd for c® This reAcTion TENDS To Promote The Producton 

of CR Ghich caw Then underGo A Whole STYING of Success 
TEACTNONS, E ? ae ae 

C1, 8) OCA, KP Ne CBT) Ma? ¥ a, y1Se PC BIS” CH BIA 
ANd A* (4,8) Ca” 


So we have Tuy Tre camut from c'* To cae 
if The STAY Burns 1T helium UP, IT MichT underco ANOTKEr GrAVITH TIONAL 
COLLAPSE ANd heaAT sTitt hicher. If iT “boesw'T blow UP, CATboN 
Nuclei cAN Cconipe ANd form, 
Cech _, Mg +¥ 

—> Ne? +He® 
7? Ne? 4H! . 
, And Neon NuCcter WITh CARBON Could 
(TON. 1£ The star became onsTitble 
IN The INTerim IT Coutd Explode As Moyle predicts ANd Spray 
The spAce witw The hefuer element which could collect Te fern 
The hieher GeNErANON STArS AS he cALLS Them. 


bY ThS K- Process. 


or 


form ALL The ELEMENTS Up ro 


For A tyPicAl STA of reLATIVE SUN MASS, IF The ewerGy CONSUM prion 
TATE IS: Mo ~ reres 
m/Séc 
Then {T 1s PrimATILY A Proton - Promon reactor, 


\f, The rate tS Higher but of Similar MASS 
Mo ~ lo eres og ~ lots T~ 108 
g “isec 
The rATES of rencTION volLl bE EREMrLy Accelerated. 
White for AMASS ANd rATE Of 


lOMe ~107 ere e~ lots - Tw 2.Sx108 
Ooms SEC 
we Aare IN The helium- Red GianT PhAse. 
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Char TERG 


Proportions of The ElementS tN A STAR 


The NexT QvESTION TO ASK 15 14 The hichey ELEMENTS Are Prodvecd, IN 
what ProPorTiONS O60 They APPEAR, to show The empiri cAL DisTy1 buT ION 
We witt Plot C'* O' And Ne'® AGAINST The helium CONCENTYTATION, THAT ts, 
WE will Exhibit how The ftuocTurnTpon of The htwher ELEMENTS YUN 

AS The helium (8 SlowLy cont sumed, 


Curves Showme reELATIVE cOncENTrATION 
of cl O' And Ne’? as & 


Propuc function of The hetium con SUMpTION. 


CONCENTY ATION 


Helium ——- 
CONCENTrATION 


The Above GYAPh IS AT bEST AN INTELLIGENT Guess AS TO The AcTUAL 
ProPorTioNns . OWE Probtenn AS Discussed A LIME FaArlier, 1S AT Low TemperAtutes 
The cK, y) YATE tS mort coeit< KNOWN ; SO Wwe Don'T TeALlLy KNOW how 

fasr iT GETS GOING. Also The hieher ELEMENTS ATE Formed very stowlY Due 
To ThetQ CONCENTRATION AND AS The helium bUFNS out If LS hArd TO 
PrenicT whAT ProPornons The oTher ELemenTS will ASsumMEe AS They STAIT 

To reAcT wiTh EACH other - Provided The sTRI TEMAINS STABLE. 


Of A LITTLE moRe INTETEST. The Proportion of The CLEMENTS IN The 
Sum Are AbouT 

er Ne Oo ONe? Me™ 

5.5 1.0 9. § 0.3 


The ProPorTion of Ne To O'F PreseniTS A Problem IN EXPLAIN why we 
See SO MUCh Neon. Im order To Get ESSENTIALLY A ZI YATIO The 
TemPerArure must be very heh To have O'© go over te Ne. Bult 
Ne” WAS A LAVGE CroSS-SECTION And would Go rlighT ON TO MAGNESIUM 
which Oddly ENOUGh IS Fee AbouT 17% Less CONCENTTATEd Tham Ne*® 
ONE source of The INCONSISTENCY MIGhT be ThaT The Ne?® Abend AWE 
M4 1S hard To determine rELATIVE To The oTherS because 1T HAS A 
Wteh IONIZATION ANd hard T® S€e SPecTroscopicnLey, 


So we hope The Ne? cONCENTTATION 1S WrdDNGO or ESE WE hAvE 
A Lot of EXPLAINING TO DO, 


We have PrEMY Weil Covere The ELEMENT ProPorTIONS oF ProDuUcTION. 

With The EACTIONS MENTIONED ON The Previous PAGE AS The helium burns 
ouT ANd The TemPerATure ApProRches io? °K The hiwher ELEMENTS bEComME 
POSSIBLE | 1.2., vP To 1TON. But As The TemPerfrure TISES The Neutrino 
ProbucTion TECOMES More IMPOFTANT ANd WE Now Turn fo 'T. 
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FIRST, however WE MIGhT MENTION ThAT Wwe have become ENGrossed IMA 
Side TACK STOM Our MAIN GOAL. WE SET OUT To SaoLuE The DiFferewTiaL EQUATIONS 
of A STHY AS EAMLIEr Described by SEEKING To Find Expressions for The 
OPACITY And ENERGY GENEVATION. To This ENd WE hAVE become bosgerDd Pown 
In The Nuctear FEACTIONS ANd SYNThesis inside STArS, WE will GET BACK To 


The Problem of solvinG Those EQUATIONS tN A Whie buoT MOw we witl STAY 
ON our SIDE TYACK, 


As AN ouT Lime To DATE WE CAN coLLéecT The NvcLeAr SYNThESIS AS Fottous 
GQ). Het Chetiom) was ObTAIMEd by The hyprocen burnine Process while 
He®> wAS AN INCOMPLETE Process of The P-P chAIN 


Ca). Deuterium, Litho, Rerylium, AND Boren we BY-PASSED Dourine This 


P-P process And WE SO UNSTMBLE That They could NoT have resuiTED 
from The INTEerwAL COOKING of A STW. 


We ProPose SOME NON-ThermAL 
Process 1§ INVOLVED Which sTiRS The GooP UP To The Surfree . Perhaps 
The Sotfr flares or EXPLOSIONS GENWErATE hich ENEroy PArTICLES «ey hich 
bombard herivm And Create Such Things AS LThive, 
DANT Elements come trom hetivmn 
om This Process we CAN AlSo Ger O'8 & Ne® 


Thes€é CONVENTIANAL NUCLEAL Process Are 


P-P — > hetiuom 


(3).C% ote The NExT Too MosT Abun 
bur nine, fy 


he vrocen burner , The cCATDON COMES from 


CNO —— > hettum Previous SyaThesises 


3He _? cit 3 helium burners 
Cla cit —olig *" ‘@ burners 
OVO eae © bor ners 

We TECALL WE ONCE TALKED AbouT POPULATION L And JL sTAts where 
The L'S we classified AS Those in The ATMS OF SPITAL GALAKIES And 
The TL*s were i The Gobutfe Clusters. The IL’S Are very pure of 


The heavier etemenTsS And were MAdE when hyprocen was PrevALény. white 


The T's ATE YouNG@eR And richer IN The higher ELEMENT. There ts some 


Suppory in Hovce's €x PLANATION That The @1L'S were # résott ot 
A condensSATION SvtlLowInG AN Ex PIOSION otf A IL, But The Sprrae 
Arms MiehT nave been formen nifterentiy or The Core of The 
SPIFAC Could HAVE SQuirteD our Pre DUST ANd Crap IN Some 
UNDEKNOWN FASHION, There Are NOTHING bot QUESTIONS here . We 


1o3t Don'T UNdErSTANd how The sft cor oof from The INS!1DE of 
The sTARs. 


We missen STEPS 4 ANd S ANd They Are 
() Ne°, Na? Mgt) AL, Si trom Carbon buRNING 


GS) mq Ax , Si, P, SF From OXYGEN bUrNING 
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So whaT Next? 


\WhAT AbovT The Abundance of ELEMENTS ATOWNd IRON? CAn The ftbund nce 
= be EXPIAINGD by Some INTETNAL STELLA PLOCESS or Perhaps 15 IT Due 
To AN ExPLOSION. Astex helium hAS been burnt we Are Left wiTh 
ag . 
Peamanty S; ANd S with Si bene vere AbundANT #tTEr The © xycen 
b 
UrNING. WE have To Study some Nucl€Ar ProPERTIES. 


w 
€ WANT TO PLOT The PACKING SrAcTION AS f function of A To Give 
The vAriATIVN of The AVETAGE binding Enerey Per NUCLEON, 


EnevGx of Nucteus is A NMeASure of how Muth umpt 
IT INTO ProTONS Anid NEvTrONS. Tis bin dING ENETGY 


The Rindine 
IT TAKES To KNOCK 


1S TELATED To 
The Difference of mASS OF The wuctevsS ANd The sumot The Nevutrows 


And ProNS, ké, The MASS defect AM. This , bY EINSTEIN , GtOES US 
The ewerey z 
B=Ame 


Expanded out in Tecms of The mass of # NevTYAL ATOM M(Z,N) where 
Z EQUALS The PrOoTONS ANd N The NEUTFONS ANd Proton ANd 
N€uTron MASSES Mp And My TES PE CTivery, 


a 
Bea,N) = LmpZ + maN-M (tN) C 
The PACKING t+racnoN tS Then 


NUCLEONS, The valves Mp ANd My 
To MAKE The PLOT We GET 


B/A where Ais The Mumber of 


Aré L0OTSY And 100898 ces Pectivery 
SOME THING LIKE 


Binding 
ENEérey 
Per 

NUCLEON) 


(Mev) 


zo 4o bo = o loo = Zn tt 


A— 


Seo how Do we EXPLAIN AU Those DOTS? AS WE MIohT ExPecT AS helium 


YUNS ouT ANd The burner Turns oft There 13 NO Pressure To hotd The 
STAT UP And iT worlt COLLAPSE Which cHoSe The TEmMCErATUre TOTISE TO 
The PONT ThAT Mfenesium ANd Silicon CAN REACT wITh ThemSEt1VES TO 
form STILL hieher elemenTS. BuT The covtombd POTENTIALS OF These 
Nucléit ATE So high TnAT SOMETHING ELSE MUST SWRELY happen before 
The TemPerAture GETS hOT ENOVEh SO The reActnoNS CAM Go. 


Binding energy is the mechanical energy required to disassemble a whole into separate parts. A bound 
system typically has a lower potential energy than its constituent parts; this is what keeps the system 
-together—often this means that energy is released upon the creation of a bound state. 


1Ol ag oe 
aa 


] 
| 
R 
\ bic wy 
a 


And infact, hot GAMMA YAY TEACTIONS GET GOING To cause The Fotrowin, 
32% Sasr 3 
¥ +S Spr P 


yr sie ee A” 


Wh ENnlérG 6T1¢ GAMMAS 
Cre PON The bebertered Peemen Quickly EnTS The PhosPhorousS And 


WE EVENTUAL GET baACK STAHLE Siticon 28, 
32 34 F 28 24q 2 
SU OR, P) PT C8, PY SEE CEN) SA OGn) SF 
We Thus GeNerATE ALOT OF Protons ANd NEUTRONS which cAN PANG INTO 
other NUCLEI ANd EVENTUAL FoRM hetium 
4 
P+Prn+n — He 
The TemPeraAture IS Around A. 5 * i107 °K fer eAmme TAY reAcTIONs. 


) 
\f The TemPeraTure oes ON UP TO Brio” K Then AlL These chains 


be ae 
LIKE 3; ° ( WP) Ax’ GET ENOYMOUSLY COMPLICATED. The NET resuLT 
is The Decry Periop of NELTTOMS beinG 3x/0> SEC. Or AbouT ONE houry 


SAYS Things hAPPEN PreTy TisTt. If We Go oN UP IN TemMPEr~ATUrES, 


Sur Ther TEACTIONS become ENdO-Therme or Thev Absorb ENErCY AS Shown 
by A décreAase iN BINdINIG ENE OY, 


But The reaction rates Are so fast ANA Furious PROTONS CAN Exist 
IN EQuitibrium wiTh The Peet NUCLED. So we have TO ShFT our 
ANALYSIS To one of STATISTICAL Mechanics To EXPLAIN how The Provon 
Goes Around TTYING TOFIND ITS LOWEST ENENGY Level. 
That 18, To GET The Number of Nuctéi wim A,& AT A Given TéemPerATure T, 
3 ie 
N(A,2) = 604.2) (ene Ate Co oe 
uu 


where M = MASS of NUCLEUS 


Mp, Mn ~ mane o*+ proton é NEUTTON 
E(A,Z) = Nuctear ENETCY 


GCA,z) = Spin Factor 


Where we cAn Tind The ConcenTrATION ot ProTon To be, 


Np= 2 (2aMp kt)™ ere Wat 
AT 


The NutléAr Eneroy 18 Whar we discussed eartieR ANd cAUWED BLN 2) 
E(A,t)= CEMAR) +2 Mp + (AE) Mn | 
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ActunttY The Bottom of our PACKING Plor 1S NOT Too WELL DEFINED ANd 
IT AS A Trade off AS TO Which ELEMENT AMOUNT SUCH Thincs AS 
Feo Fe*® Ni2%* Decupres That MUNIMUM VALUE, This minimum VALUE 1S 
Not TemPerATure DePenDeNnT AS would be AnTiciPATED buT rather Goes 
UnTh The COoNCEN TTATION of ProTo NS ANd NEUTIONS | Np. Yn. 


\F, in fact, np= Ny, Then The Tendency 18 Towards Nickel. We ex pect To 
TeAch This €@uAl conceNTYATION If we sTArT wiTh S78 Whee Recnuse 

Y vreactionS Do NOT chance The charGée Nor do we lose ANYTHING buT 
SOME ENEFGY DULING (P- PEcAY. 


We Do NoT UNderSTANd wt Where The ELEMENTS TO The nicht of The Mind MUM 
Come from. They hyve A Positive binding ENErcy ANd Could Nor have 
Wve been formed bY STA CookeRY, 


Another Problem IS for INCrEASEd ENETGY or TEMPETATUTE Fee* collapses 
back To helium 30 What happens after The hour? IS Every THING Thar 
19 $0 WELL CONSTrUCTED destroyen bY A CATACLYSMmic EXP tosion £ 


To add Surther MiSApprehension To This Whol€é confused ANd Problem 
Tiddled Theory TO Guys NAMED FernmAN ANd G@UMANN INTroduced A 
Néw Theory ON NEevTMiNO Processes Which Threw A NonKeY Wrench IN 
This ASTroPhysicisTS Theory, 

BETA -DECAY 
The firsT Process we witl menTioN 1S ONE We have been Bie cCissine 
buT will deine And MAKE A LITTLE clearer here, Most of The arrificacty 
Produce d tAdioAcTiVe NuclEi UNnderco TrANSfor MATION INTO STAbLE SPECIES 
by Emission of E1Ther CLECTYONIS of POSITFONS -collLecrivEelY This 1S ~ decay. 
HE ANuCLEr ISUNSMbLE HECAUSE 1T HAS Too MANY NevTroNS iT with €vecT AN 
electron. If iT WAS TOO MANY PROTONS, IT ELECTS A POSITRON. The former 
AYE STADNITED bY conversion Of A NEUTTON INTO AN ELECTION (Which LEAVES 
The mucteus ) find A PFOTON. The LaAtTer UNderco Conversion of ft ProTON 
INTO A NEuTrom Plus A PoOSITTON which 1S EmMLTT ed from The NUCLEUS 
BoTh EjecTEd PosiTrom ANd E1etTroniS HAVE ALL Possible VELOCITIES, 


IT VS POSSIBLE to ACHIEVE STAbDLITY AnoTher WAY And That 1s bY HAVING AN 
ELECTTON ENTEC INTO The Nuclévs ANd rencT with A ProTON To FOrM ANGUTON. 
The eneroy formed in This Process 1s liberated by A NEUTTING Which hAS 

A tero rest MASS. Decay of TwS Kind is cAILEed ELEecTron or K-cApmure 
SINCE The ELECTRON CHPTUrTEd by The Nucleus GENETALLY COMES fron The 
INNET-MosT ElecTYOM OfbiT, The K- level. 

AN EXAMPLE OF ELECTRON CAPTUTE, 


Bo te —> hi’ +y 


)03 


U RCA - PRocess 


The Second Process Which we discuss 1S THAT Theomted by Feynman and 
GELL-MANN IN I9S7, The Process 45 cKtLed The 


U-u-ur! Ka Process. 
The Process Goes LIKE Thi 


Some ELEMENT saiverse (o> Decay 


e + (#,A) ————> (Z-1,A) +y 
ert yA) oo St CEAY TY 
So + (2,A) Pp 


(ZA)+ Ee ty+y 
SAYS AN ELECTION iS Driven 


INTO Tre Nucleus 
ANd (TUS CAllLed The URCA ( The GAMbIING CAPIT 


AL OF The wortd ia Braz, AT 
The Time of The WHITING ) Process bechuSe either WAY The Process Goes 
IT Losses A litTl€ ENEroy, Bet ir 'S A wht TO Gener ATE Neutrinos 
ANd ANTI- NEUTYINOS « Without ANY Funditne nt AL ChANGES OccurrING. 
But The Neutrinos carry AWAY A cerTAN AMOUNT ot EMECON / AGAIN The 
GAME GOES THAT The GUTS CANT hotd vp The STHr ; (T BEGINS To CollAPSEe 
ANd Ger hoteR. This certs 


The PhoTONS GOING heTTer y more ELECTTONS 
GET Driven INTO The NvELEUS ANd Poof There GoE 
SOMETHING. However, 


This Process 


S A Supermoune or 
This Process 1S overshadowed by AN ALTECNATIVE ONE. 


RET Fis wehase Process e tet —s vty Produces 4 strance eHect And 
ThAT 153 To Limir The Time which iT could occur, Thar iS) The Cross -Séc¢Flon 
Te 14 xin tS (S \¢ w*-1) cw? | Thar 
AetArivE } Center of a 
GENETATED by The PrOTON ss AS Meationee ek Pre Previovys 
A GIvEN Temperature PESS POSSESS R hich rare of 
ENErGyY Loss To The NE€uTrino 


S, WS, 
diy 4.6 X10" (T X10" * ere for T > 3x10%" 
dt Cr /sec 
= Sxjo'8( 


At TemPerRrures of The orderof 3x10° °K The Time To EMPTY The 
mess of ITS ThermAt ENEToY IS, 


bor This cenemurs SO SMALL 


The Positron 
PAGE AT 


ThermaAt ENERGY 
piel BASE Na vias eR ROLE Da 


rate of Y Emission 
There must be AN 


IMPLOSION or chaos Or SomeEFAING ScrewrY 
GOING om. This Process Was Shook up A Few ASTroO~ Theorisrs 
bul wenT UNNOMcEed ter Awhile, WE haue To cot Further Though 
TO SeeK SOME Sort of Credible Ex PLANATION, There Are A coupe 
more PrOCESSES Which WE CAN STIL DISCUSS AS PArT ot This 
URCH PROCESS, 


ZR hours 


1OY 


Not For Publication 
Joka T. Neer 


The PYOCESS |AVOLUING A 


StimictAr Y+Vv 
A PLASMON Decay, hE, 


ProducTwn resutts from 


Y —evt+ry 


NOTE? WE h Ave PreviOustY uSed ¥ To DEenorTe A GAMMA TAY; here we 


@\VE IT The MEANING of A SuNDAMENTRHL PATncte The PLASMON. 
TWIs ProcESS wilt Go AT The mohT PLASMA Feequency, 


Atso, There tS The PoOSStbmuiTy of the PLASMON INTEFACTING wiTh AN 
ELECTYON IN The follLOWING WAS, 


- a —_ 

yYre ~~ e tyty 
The TOO COMPONENT NEUTTINOS ATE NOT INVATIANT umMder SPATIAL Reflexion. 
THAT 1S The MEUTTINOG SPIN 1S ANTI-PATALLEL TO ITS MomeNtUM ANd While 
The SPM of ANGULAY MOMENTUM TEMAINS UNChANGED UNdET A SPATIAL REFLEXION, 


The monenttum cChANGES SION, The MEUTYINO BS REMAINS UN ChANGED 


ONLY IF we PREFORM Simul TANEOUS SPATIAL VEetLExrom And charRe 
CONJUGATION. Thus 


The PANITY CONVErSATION LAW IS VIOLATED by These 
Particles, 


A CHARGE CONJUGATION SIMPLY MEANS PARTICLE - ANTS -PAFTICLE 
FLIPPING of NOTATION. LIKE A PosiTroN To AN ELECTION. INTEFESTING 
TO NOTE The NeuTriMo HAS NO ELECTTICAL CMAYGE, will Not ONTEY ACT 


WiTh AN ELecrro-MAGNETIC Field A SPiN of Yu and REST MASS of téro. 
BuT IT sTitt Does fF LOT r ITS “NoTWiINGNESss" 


SummAriZiING our PAIR ProDUucTmON Ss 
(i) e“-+et —» yvyry 
(z) v > Vv 


(3) Y¥te — evry 


WE cAN ploT The rates of PAIr ProDucTION To see which 1S 
DominANT ANd WE GET, 
Al 


jo 
hee Temp. 


PAIR ANNIAILATION 


evectron 


Cc 7 8 4 


is) ul 
Loe density ( ©™ 
ec 


105 


Our Problem 1S To EXPLAIN why Process lt) If FAVOREd SINCE EXPEVIMEN TALLY 

The CYoSS-SECTION IS SO SMALL WE CANNOT ObSEYVE IT] However BeTA-DecAY 

\S SR Understood to A hich deoree todAY SINCE The CP charce And PArITY, 

WolATion WAs bEEN STTAIGHTENED our BuT The EXIST ENCE of NormAL 

ReTA DECAY IS NoT CLlEeALr. THAT tS To SAY The dirécrion of RETA DEecAy 
Pre <—~ nty 


Depends ond The Enetor of The SYSTEM, More ExPLiciTY Fermi oneinALey 
PosTULATE D (o- Dec Ay WAS ANALogous To ElEcCTYOMAGNETIC FAMIATMON ANd AS 
Such The gen E-M rAd ATION tS DUE TO A TIME-DEPENDENT ENTETACTION 
between The rAdiATION svsTem (The ATOM) Awd WS SUrrOund ING E-M fied. 


The teraction Lefd S$ to AN ExchANGE of ENEroY 


between The SYSTEm 
And The Sieud. 


The Above TEACTION CAN be RewriTEN pitiecentTLy im TéeymS of The ANTI-PATTICLES 
but Tne CEQCTIOM (8 The SAME 


Neret — Pry 


Thus we cAN THINK of The réACTION AS occurriNGe j{N The foLtlLowmne Schematic 
DAGCTAM, 


ThAT 1S There iS A TYANSITION From A NEVTMON To A PFOTON White s/MULTANEOUSLY 
There ts A OTYANSITION Of A PoSITTON INTO ANM@e ANTI-NEUTRINO, Whit€ 

We Don'T KNOW Why The reACNON Goes WE CAN déScribe ITS ExAISTENCE 

INTEfMSs of A TYANSINON AmPiiTudé Of The TWo remcnons yusT MENTIONED, 


Jo xpress This rATe of BETA DEecAy AriSiING by A CérTRIN TYANSITION AMPuTude 
bemweeN These PATTICLE WE witt ADOPT A ShorThANd NOTATION. )f The 
Beth DecAt WHS YTéewritiTEN STILL ANOTher WAY, TEMEMBETING To MAKE 


A chATGE CONJUGANON WhEN WE TAKE The parncle from one Sid€ To 
The oTherj. 


NtrP s—e +y 


Bch = 
a(e v} ( Pn) 
A coetticremT whith we WIL DISCUSS IN A MinUTE. The 


Terms IN PACENThe sis YEePresenT The AmPuTUdes (wiTh uiimeée Frcrors 


omTTeEN Which TELL whether The Spin oF The NEVTYON BNd Proton IS ewP 
OR DowN bUT spin IN BOTh Are The same ) of B-Decmy And This 


AMPLiTUde DOES DEPENd OM The SPIN DIRECTION. However The world 
iS $0 ConSTrucTED TRAT The HAMILTONIAN of This TencTION Would 

have ANAMPLTude such ThaT IT DéScribes A UNidireCTIONAL TTANSITION 
SO we musT ADD The hermittAN COonJuGATE of The AbovE TEACTION 
To Permit TEAL ExPEcTATION VALVES TO be ObTAIMNED, 


WE Write 


The a! iS 
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We Thus Preserve The herminciry OF The HAMILTONIAN bY WriTING IT AS 
‘ i D — —_ 
a'[(ev) (PN) + (We)(Fe)] 


Where The coefficient «3 The SAME IN BOTh Processes. 


Ar The Time OF The URCA ProcésS PUbLICATION There were OTher WERK 
DecAt Processes which had To be considered for A COMPLETE DégSeripTion 
of The funpamenTAl Processes. Untortunarery, The existence of oTher 
WEAK INTerACTION Led TO AN INhereNT CONPLING be nvéen The Processes 
Which COMREEFErEA COMPLICATED The MATHEMATICAL DescripTION. 


There 1S PreseNT Fr Nw MU- MESON OF MUON DECAY Which ooes AS, 
2x10 “sec 


jk —— ee +ryty 


The NéutTrino Aud ANTI" NéuTPINO EVOLVED ARE ASSOCIATED WiITh The Mu-méSON 
ANd ELECTION TESPECTIVELY, NE. 
+ 


BM 7 2 + Vt Ve 
We CAN Rewrttire The EQUATION AS 
= fais 7 zl \; 
AL +e —»> Vu + Ve me gents on re A 


The combiINGD HANILTONIAN ANALOGOUSLY To The Ahove eo Ye 
YEACTION 


allevi(Yu) + (2%)(Ved| 


Iris NOTED ThaT The Neutrinos Are NOT Tre sfme ANd Some how They 
“vememMber" where They Came from, ThaTis The Neutrino “Kmows "IT IS 


A mMu-mesoN NEUIYINO And The ANTI -NEeuTYINO KNOWS IT 1S AN ELECTYON ANTION. 


We have Stut ANoTher mode of TYANSITION ANd ThAT 15 for A NEGATIVE 
MUON. IT IS CALLED Muon CAPTULE; The AA IS CAPTULED bY & NUCLEUS Line 
The K-cAPTUYE. ThiS Process 15S, 


AA + P ent Vu 
The TYANSITION AMpLTude CAN be wrrilltTEN AS 


a | Civ) CPN) + (NP) (Ym 4) | 


where AGAIN The ANTINEUTTON CFEMeMbers 17 18 A MU- ANT) NEUTTINOG, 
More THAT ALL The coefFicrenTS Q' @,a" Are different So FAr bul 
WE witt Soon Discuss There INTer TELATIONS hiPS, 


Sti Another SET of pDecAY Move has bwbeen PremcTED tNVOLVING The 
Lambdf CA) Parricl€, One Such bECAY IS AS follows: 


AN —>pre ty 
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SUMMATIZING Those TEACTION FATES 


b | (ev) (PA) + (AP)(Ve)| 
BL CEM)CBA) + (AP) (4) | 
BLINP) (PA) + (AP) CP N)] 


These E€QvuATION S plus The oTher: Three ConsTiTuTe PLL ot TRerA DeEcAy, 
The ProblEm 1S There Are ALL cCouPLED TOGEThEer, This couplING comes 
Some From The coefficients which ARE NOT ALL EQuAL buT found To be, 

om = 047 

ou" - a! wWiThin + lor 2 Uo 

b = (e2Y)Q © 10% 

bo hb + 10°%o 

5" x b' Premy WEIL 
So whAT PO wE Do? 


Welt, we see WE CAN ExPRESS ALL The HAMILTONIANS IN TEFMS of Qe, 
writing The first PAtT of The hAMILTONIAN, 


a | CEVI Ya 4) | (1) 
‘Taf (€¥) CPN) | (2) 
‘Ia | CLV) CPN) | (3) 
(24a) C&y) (PA) J (4) 
(24a) [ CA YyICP A) | (Ss) 
(24a) (NP)CPA) | (6) 


Now we See where The Probrem reArty 1s ANd ThaTiS Bhe couPpuNnc 

BRerween The reAcrions. Couptine such AS €QuATION (1) ANd (2) 

And (3) And 6) ETC. To UNcOUPLE These EQUATIONS WE GUESS AT A form 
SomeThine LIKE the folLowine for The TrANSITION AMPLITUdE PropormonAl To T° HO Be retast 


a | (fv) + (ZY) + | (.97N ¢ 20a] { cre" t Yu fd a q1N + ame] 
To See why This WAS Chosen LETS EXPAN IT LIKE WE Would 
(atbrea)l(dte+ fF) 


where > DCBA) = Cev) tINP) + (@Y) + CSTRANGE paRTICLE) 
The Cross Term (PNI(EY] GIVES N decay (Vu)le y) @1JES fA deCAY, 
ANd (ML) ON PJ) owes uw capture, 
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The ProDucTS LOOK SOMETHING LIKE, 


ace vy) (Ve*) +alev) (Van) + +97 Ce7Y)(N P) 


+ .24a (e V)(A P) 
ACA Yu) ( Ve") +0 Yue) (My AL) + .¢1a (4a) (NP) 


¢ 9 tH Q(LVima (A P) 


ATA (PN)(Ye) + .2da (PAVE) + A7TQCPNICVe A) T-ZYACP DIC Va MA) 
Q (.97 PN +.24PA) (.97NP 4 .24AP) 


cng — 
(.920.(PN) CN P) +a(. 17) (.24)(BN)(AP) $+ Q 6647) C.%4) (Pa) (NP) + a (.20°(BA) (A P) 


So we have A CeEAL Mess —- well, 4€s To The ExTEnT we have ;mPprued The 
Custemce of SOME YCAHCTION couPLING by TYING To SimPile The decry 
HAMILTON IN Oury INITIAL form. Such vreacrions 


a fed AS Qle y}lye) 
ANd (A Yul C Vuk) Ate Now IMPLIED TO Go depewdéeme’ om The 
AmMplitud € a"! EX perience Tews us ¢?) 


WE CAN 
TEACTION ALY whenever we hive 


SubstiruTe The 
e Y. But This DOESN'T SOLVE our Probler. 


BY IMPLYING Such rencnNONs AS ale y)(y e) Must occur IN ASTAR IT 1S 
wiTh A BéeNickW DISLIKE for Bea current STELLAY ANd MUCcleAY Processes 
TWAT We Do $0. The Problem is - how po WE KNow The mMonKey wrench 
1s is The sTAT AS WE hAVE JOST Thrown iT Theve, The ASTrONOMéer 
YELLS To FeyNMAN TOGO bAcK TO hiS CRAZY THNKING ANd LeRVE HIS world 
Atone. Bat Event WS DOESN'T Digcournee A coNGeNIAL Gex LIKE Fey nMAN 


so he Goes bACK TO his PAPEr And SAYS A RIGhT You eu¥s You Don'T 
KNow WharYou see bvT 


IE do, tf you dow'T SEE ANY FERCTION, wet 


Geh voritiato The Hamit Toni AN 18 iMPAITED .So MLL TY? Sometnine 
Di fleRenT. 


The Processes PreDicrep Are MOT AdmISsIbLE AS They STAND bec AUSE 
Parity find chatce Are NOT Conserved. While ToceTher 


CP its CONSErUED, 
The whole scheme looks bad. If we coudD INVENT A WAY which The Charoe 


Si@n could FuP Around Wwe vooutd be te AtriohT, [$f we retrect The 
whole Process in f& chav O&-PAFITY - Time (CPT) Mirror We mGhT hfve 
someThin, The CONSTANT phase TACTOr WE INSErT Need WoT be real So 

for €ACh Process we INSETT A correspond ING Phase, Ie, 


es Cee oe ; . 


i ee eee. x 
CVO) +E (Tage) +](97 8 AT aver] 
BuT we Could JUST AS we GO ThrouGh ANd chANGE The PhASE rel 

N ANd A 


ATION ON A, 
To Nuit ouT The effecTs of OA, respectively Sd WE doNIr 
Do ANY ThING. 
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Suppo se we leT Loose of The iden That We WANT A Product of These 
TEACTION for Bur THIMILTONIAN ANd EXAMINE WhAT Would HAPPEN fo 
ChANGING The PHASE ON JUSTONE EQUATION SAY (3). WeE covutd writé 


O Romeo Yu) CPN) + e'°( NP) Cia M) | 


WeiL whaT did WE Do? We eEssemTimcy chanced The wave function 
of The Anti- MUON , A bY A Factor ©. Bur This messes UP EQuATONM) 


al (e°V)( Var) + (# Vu) Wer] i 


FNd We STILL PON'T hAve moch so ITS TIME To @purtT ANd Think more AbooT 
This. 


Welt There iS AN UNHAPPY ENDING To The Tale | WAS TELLING LAST WEER 
ThaTt MEANS | hAve Been uN Able how TO cer A SATISFACTORY resutT. 


We TheotitedD Tne existence of A (EY) INTErACTION iM (-DECAY buT 
we hAve forcoTleN To MENTION ff CouPLe Of Thuaios, We TIED To write 
The compete PRobAbiiTY curreNT AS The Prooucrof The sum ot The 
Two TAWSIMON AMPLITUDES, £., The wave fuwcTIon And ITS cONMUGATE ANd 
GoT Something THAT LOOKS LIKE 


slev tay +PN+ PA) (Ve + Vu t+ NP +AP) 
TO A Simpitien APPrOXIMATION. 
We Tried VATious Phase correcTrons ; THAT DIDN'T Too ANYTHING. TheM We 


Looken AT We Six INdtV dUAL ProcessEeS ANd Triéd T chANGE THINGS $0 


The COUPLING IS TéEDUCEY bY INSErMNG Some complex 2s or some OFher 
stu FF, 


AmoTher Atop APPFoACh ,WHich | Forgot TO MENTION, HAS TO Do with The Theoritine 
of A PATNCLE DENOTED by W which coupcrese ALL The Currents ANd €xpLAINS 
Theie behavior ,.£. we write 


(éyvrpmgy +rPn rPA)W 


where we werrcT The INTErACTION IM ft FeyNMAN DiftorAm, 


Nol 
Since W has‘been SbServed OR ANY 


= SYBSTANTIAL evidence Dis 
SoPPayT 17 CKISTENCE, WE DON'T Finn Ceres a 


Much helP here, 
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Worth inserting here is more on Feynman's introduction of the "W" coupling force 


In today's understanding this is the W-boson which was followed by the Z Boson. 
From Wikipedia: 


Following the spectacular success of quantum electrodynamics in the 1950s, attempts were 
undertaken to formulate a similar theory of the weak nuclear force. This culminated around 1968 in 
a unified theory of electromagnetism and weak interactions by Sheldon Glashow, Steven Weinberg, 
and Abdus Salam, for which they shared the 1979 Nobel Prize in Physics.[6] Their electroweak 
theory postulated not only the W bosons necessary to explain beta decay, but also a new Z boson 
that had never been observed. 

W bosons 


The W bosons are best known for their role in nuclear decay. Consider, for example, the beta decay of cobalt-60, an 
important process in supernova explosions. 


It is worth pointing out here that this Feynman udu Ve 
discussion of the need for the "W Boson" was in = 
early 1967 in advance of the "1968 ...weak € 
interactions by Glashow, Weinberg and Salam. 


Interesting Feynman came in from this nuclear 

synthesis perspective which is a different path than WwW 
from unifying electromagnetism. Typical Feynman 

like his sum over all histories approach to quantum 

theory. 


udd 


Also when We Wrote The (PN) INTEFACTON WE IMPLY SOME SMALL 
SCATTEVING EFfECT DurING (> DECAY. Because Parity tS volAaren in 

B- Decay we musT EXAMINE MUCLERT TYANSITIONS im whith A vere SMALL 
PArT oF The Nucleon forces Are MOT PArITY conServed. ThAT 1S, we 


looK ATThe nucte: Level FOr TYANSITIONS Which Are IMPoSsible if 
pArit’ §S Conserved. 


AS AN ExAmple comsgider A STATE of Bahia e even PAT? but ts Nor A 
Pore state ANd 1 PART IN 10’ 18 SPIN? Odd Parity. If The Parity 1S 

A LITTLE cockeyen A GAMMA TAY Wile be EmuTIED AS IT MAKES A TYANSITION 
To A SPIN tero EVEN PALITY STATE. If PATITY (5 VioLATED We Should be 
Able To deTet Which way The GAMMA IS CircurArtY POLATIZED. The whore 


Thine 15 MOT Clefr And even if Tis Thing ExisTS IFS NOT CLEAT how StontticANT 
iT 15 To (PN) TrensiTNon, 


L TED To: DNE, ESTABLUSK Same BEAUTIFULLY SIMPLE OF MATUFAL Form of The 
TrANSINOM AMPLUTUde And, two To Check TheS€ smait MATTIX ELEMENTS « 


{ coutd Neimer tind A#SiInPCE form or A NomeErichL check. Thus we Conclude 
There MST be & Cress Tete, 


if 


CHAPER.# 


NEUTRINO PROCESSES 
H.N. CHIU 


NEUTRINOS ATE IMPOTTANT becAUSE Thee ACT AS ENErGY SINKS becAUSE Their 
mean tree PATH 1S AbouT [000 LIGhT YEARS. Thus The STAPF IS TANS PAT CNT 


To The NEVTRINO, 


The UrcA Process 
The Loss of Ewerey du€ ro ordiNARY BdEcAY 18 CAlLEd ThE URCA PROCESS. 


(,Ayte> =e (2-1,a) tv 
The €temenTS which conTriboté mMosT Fo The Ufch Process fle ¢255 ANd S7* 


N€UTRINO BREMSSTRAHLUNG 
The Theor’ of FeysmMAN ANd Gett- FIANN describes The WEAK INTEC ACTIONS 
AS PRoduced br A curvenT which INTEFACTS WiITh iTseLcf. THE current, 


J= (eVe) + CPN) + Cu vu) 
INTETACTING wiTh ITSELF ProducéS The réAcTIONS, 

n-— Pre’ + Ve 
ae tvVve+ Vu 

(P,n) Cp, mF 

Ca, Yul Ga, Ya)” 

CP, n) Ca, Yu)t 

Ce vel (e, ve) * 


The SQULATE TETM Process Ce Ve)(eVe)’ becomES IMPOYTANT When The Thermal 
eneroy KT is of The orderoft The electron MASS ph&, MVYOS Mev, Tx TRIOIOK , 
ALSo CuVu) (a Va)T 1s IMPORTANT when KT tS Aboot That Of MUON, Me Mur 106 Mev 
Aud T vio'h’K because The PAITS ATE IN EGuiliRRium wiTh The PhoTON 


Fiétd. 
PROTO - NEUTRINO PROCESS 


For A TEAL PhoTON, 
Yte —»e t Ve t Ve 


PMR ANNIHILATION PROCESS CTEMPErATOrES > 109 °R) 
The ANNIWL ATION of AN ELECTRON- POSITRON PAIR INTO NEUTRINOS. 


THE PAIRS Are IN ThermodyNAMIGC EQUILIBMUM WITH The PROTONS Be 
because The Time SCALE of PAir Ptoducn0n ANd ANNchILAMNON TO e~ Cs 
a” 
PhoTONS 1$ Moch Shorter Than ThAT OF ANY NeuTTINO Process wo le 
~~ y 
e ~ 


PLASMA = =PROCESS (Hich p , TemP < TO? "K) 
A free PhoTom CANNOT decay INTO NEUTTINOS because The decat of A Zero 
MASS PATTICLE gut TWO PATTICLES IS forbiddem be Enerer-MOMENTUM ConservATION, 
IN AM ELECTROM GAS PhoTONS MAY APPA TO hAVE ATEST MASS. The feLcATION 
bETWEEN The frequency Ww ANd the WAVE NUMbER K 1s for W> Wo (The Plasma Sreo.) 
ruts thus + Reet 
iM This cASE A PhoTON MAY dECAY INTO A NEYTTINO -~ ANT) NEUTRINO PAIR, 
The PAIF Process 1S ImPorTANT 3N STewaAr COLLAPSE ANd PLAgmA Process tN The 
creaniow of whire dwarfs, 


Ha 


Evolurion of STARS 


We feturn once AGAIN, To our MHIN Line Of “DiScUSSION Awd THAT WAS TD 
Solve The Four DitferewTiAL €QYATIONS WE FIST "TOOK UP ON PAGES 54. And 60. 
We Needed A KNOWwED GE OF The OPACITY K and ENETeY GEN EFATION €(2) 
IN order To COMPLETE OUR DISCUSS ION 


So TO STATT off IN AN UNCErTAIN WAY AS To how The GAS COLLECTS Wt 
MAKE Two ASsUMPTIONS! 

(2). The StAt DOES NOT ROTATE 

(i). The srar Does Hor Lose MASS 
The +tirstT ASSUMPTION Could LEAd TO QuITe AN IMPOCTANT Omission bec Ausé 
A rovATeNne STAT CANNOT be iw EQuilLiBRiuM, THIS MEANS convecTiVe TEGIOMS 
Exist which sTirS The GooP UP from The center And MAKES A MESS ovT oF 
OU cALCULAT TIONS. 


We BEGIN THEN wiTh A SPhEricALLY SYMMETLIC GLoP of OAS WhICh fAiLs 
IN undef @rAVITANONAL force ANd heats uv under The comPressiNe for, The 
firsT Probtem iS ThAT TWiS conTrACTION IS very TIME DEPEendewT ANd how LONG 
The stutt FloATS Around 1S ANY bodY'S GUESS, FurTher, we Exclude from 

Our CONSIGErATION DYNAMICALLY VARYING STATES 1.£, AT A GIVEN TIME WE CONS Ider 
The STW TO be IM Ay DPOSTATHK EQUILIBRIUM, 


The star COLLAPSES UNTIL The ComPression STOPS DbeEecAUSE of THE TemPernrure 
Tise ANd The MASS bounces ANd SeTILES DOWN INTO The PrE-MAIN SEQUENCE 
ST#H#ee. The TemPerATure 1S Tod low FoR NucleAr TEACNON So IT Floats 
ftrounid bur Atrer Awhile heAT LEAKS OUT, The. consequence, 1s TO #Liow 
The STAr To COLLAPSE CAUSING A heATING ANd A hioh Thermat @rAdienT 
And opAciTY césult. IT 1s Now Above AdiMbATIC cONdITIONS ANd, There fore, 

wit convecr Throvehout The STAM But A SATISTACTORY Convection 
TheorY #S Nor KNOWN TO EXPLAIN ThiS Pre~ MAIN SEQUENCE STAGE Where 

No reACTIONS HAVE YET begun. The First STAGE of The STAF CAM bE 
depicT€n IN The FOLlOwInG@ H-R CHErTt -SPruni@ Russete Dihoram). 


PRE-MAIM SEQUENCE 
TemPerAtTure Toe Low To 
SUSTAIN NUCLEAR EMC TION. 
Slops cottect And -Finauty 
SCTLEm ALONG The réd 


LINE with The tiGhT ONES 


t hog hue. 


WA 


AS The center GETS HOTTER Due TO The CONTRACTION or Compressive forces, 
IS BECOMES TYANSPATENT. The Bic TEMPERATURE GFAdIENT NO LONGET ExisTS 


ANd Tne convecnon CeASES. The TEmPerAture AT The Surtyce, how ever, 
Yises becqguse The rAdivs shrinks. 


Nuccear rEACTIONS beein ANd The CATbon @ PRESENT beEGINS To burn, . “PR yye's 
ANd The NITTOGEN Patt Also Goes NMCP,©)O'S The Nirrooen Boealten ts 
Very Stow, The cycle GETS STUCK. Sue AS The c" purns the OpaciTyY cowerts, 
More hear ESCAPES, The CENTET becomes MOTE CONVECTIVE And will burn 

what C™ remains ar A ftster Aad PHSTED FATE. The TemperaTure ¢iSES. 
And we StHrt The hYDrocen (P-P) CYCLE Add The star becomes AA 

MAIN SEQUENCE STAR, TniS occurs Abowt S x0 Yéenrs fwd Abour 99% of 

The ENETEY 1S From TiS NUCLEMY REACTION Ad The or fAvITHNONAL 
effecr 1S €Ssentinity Gone. Ths iS for @ STAT of MSS AbouT That of 
The suN. The sequence of EVENTS CAN BE ShowN IN The followING DifterAm: 


hog, Lum. 


\ 
Cc! N™ purnour 


. oH YDre GEN 


Burning o> 


13.0 13.5 14.0 14.5 15.0 1§.S 
A 
how,» Lime csecd 3x10" year s 


The nAture of The Surface depends To fA LArcEe DEGree ON The Conve cTIVE 
fe@ions below And This becomes very COMPLICATED, The CHANGES IN Chemica 
COMPOS [TION Copherty) | TEmPecATure GrAdieats ETC PLAY AN IMPORTANT PArT 
IM This Process buT we JusT Don'T KNOW ThaAT Much AbouT Them. We 

Do KNOw ThAT When CONVECTION STARTS The reAdyustment ot The MATTES 
REQUITES GrAVITATION WOTK SO The STat coos” ASSEEN Durinto C2 borMouT. 
The P-P reacnon The commences atTéer The Convection STOPS | 


whew 
There Ate NO hioh TemPer ature ov itdienTs cefT, 


For more MASSIVE STARS The C'* burnine CONTINUES ANd The Core TEMAINS 


CONVECTIVE So ThaT The DisrrtboTion OF STHYS FHLLING” INTO The 
MAIN SEQ VENCE »>DEPENDS ON TS MASS find The rc constTrugion ot The 


Process ANA AcTUAL Observed And PLOTTED MAIN SEQUENCE STATS IS 
AMABINOLY CLOSE, 
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Evolutionary Tracks off the Main Sequence 


GIANTS (il) —= 
He>C +O 


RGB - Red Giant Bra’ 
HB - Horizontal Bri 


how. TemP 
, sel 


@ Ko 
The Distribution of STATS AloNG The MAIN SEQUENCE 1S NOT SENSITIVE To composinoNn 
AWAY from The LINE AS IT IS ALONG IT 1.2, Smamit FLUCTVANON IN COMPOSITIONS 
would move The sTtr YP or down The Line A LOT buT iT won'T GeT oft 
of iT very far 


ONES The STAr LANdS ON The mAIN SEQUENCE IT 


tS félATIVELY CALM AS IT 
burNS ITS hyorocen And SITS There for AbouT 


10'° VEAYS UNLESS IT 18 
A vere MitSSive STAT, Now we DiscuSS The Difference, 


MAIN SEQuEence STARS 


We SEPATATE Tnesé STATS INTO TWO GrouPs: 
a), 


UPPEY MAIN Se Quence — 
(2) 


Carbon: oxyqen- AlTrocen Crete PrevALenT 
lower MAIN SEQuENce — 


PROTON - PFOTON CYCLE IMPOrTANT 
STRUCTUY ALLY TheSe STATS ATE DifferenT AS Seen by The TEACTIONS Occuring, 
The Lower MAIN Sé€Quence sTAYS LiKE The Sum 


hAve A Much Lower core 
temPerarure ANd Much hioher centrAl dens TIES with The core rat 


radiative 
EQuiliBrivM tn The P-P PROCESS. There 1S AlSO AN OuTET coNVECcTIVEe Shetrl 
OUTSIDE The core. The Chemichtl COM POTION WILE VATY wiTn TIME ANd ALSO 


TAdLALLY OuTwtd Since The TATE of burniaty hy DFoGEN dePends on TemPerATure 
Which decreases ouT ward. 


The vePer MAIM Sequence STHTS, OM The oTherhnmd, have 2 Gombuer convective 
core DUCING The CNO Crxcle So iF tS wéette sTIrreD UP, The ovTSiIDEe t§ IN 

TAd ATIVE EQuiLIRrium. These srfrg hhve hteher luminosity Than The Lowers 50 

IT buen hyprogen faster And Thus DoN'T AST AX LONG. 


A oood Theory of cON YUE CTION IS NEEDED To UNSETSTANd The mixine 


Action. A parameter cAlLeD The MIXING LENGTH hAS be concewen To x plan 
how Deep eftch LITTLE CoNVEecnvE CELL 1S And hopefully Exp lAim how 


Such TRIMGS AS LiThiuM eT To The Surface of The sum. PresumAbLy 
The cooler sTArS hve Thicker 


CONVECTIVE cones, But an ‘A“ TemPerature 
STAC MrehT hAve A FAST TOTRTION ANd ANGULAT MomenTUM SpiITS ouT 


MATE wiTh hich ANoULAr velocity ANd ALL Sorts of stuff, 


HY 


WE CAN GIVE A TOUGH IdEA how MUCH enreray The convecTIVe Core 
Produces IN ProPorTION# TO The réesST ot The SThr ANd AlSO 


Show The. ratio of The ENnNEroyY ProDucTNOoN of The CATbonN CYCLE Td 
The Proven: PrOTON CYCLE, 


huminosiT? 


2-0 3.0 
SUN MASSES 


The curve “&t/e Shows The core 18 responsible for Menrty YO% of The 


ENEAGY ProbucTION while The CArbon ANd Proven CYCLE Are Ate 
EQUAL IN Enercy POwef GENETATED AT ZMO, 


For sttrs of mASS ISMoO 
Nearly hait The mASS {tS 


IN The Convecnve core. 


The HYDroeeN 15 CONSUMEN ANd ff helium core 1S Formed, The Eneray 


GENETANON IN The core STOPS , The TemPerature OfAdiIENT cANMOT be MAMTAINED 
AN outéy hyproGeNn shel forms but The rAaPid cChANGE IN STrucTUrE 


CAUSES The STRAY TO MOVE AWAY from The MAIN SeQuence Awd it ENTErS 
The RED GIANT PHASE AS A heltum burNER. 


The next lecture begins with population I and II stars. 


Population | stars: ordered motion. 
Circular orbits in the disk plane; 
younger, more metal-rich. 


Population Il stars: random motion. 
Eccentric orbits passing through disk 
plane; older, more metal-poor. 


TodAY we Are GOING To TAKE A lone Tour ot The he nuens And describe 
The character of The srars As seen by Observers todAY. This follows 
“rom A discussion ' hd wiTh Jesse GrEENSTEIN This MoYRING SO The maternal 
IS NOT Weil DiG@esTéed bur ULL LeArM MOré AbouT iT RS TIME GOES ON, 
We DivviPe The STATS 


IMTD TWO CATE GOrES — PoPULATION TC And I: 
PomuATion 


CONSIST of Those stThrs IN The SPITAL ATMS. Trey ATE 
YounGer ANd heAviér IN The hieher METALS. they Are 


S€tond GENErANON And Surround us ANd Provide A Good 


Source of MATEMAL for Observer ANONS. 


POPULATION I These Are The STATS COMPISING The GbobulAr CLUSTERS. 
They PASS VerTicHILY" Throuch The GALACTIC PLANE fiald 
ARE cALLED WIGh Vetocity Fierd STARS. These move bY 
AS ANd Or ATE dur source ot DATH. 


We Ret? BEGIN WiTh The Pop. 1'S 


and 
WAY? 


CATE GorIte Them im The folLowine 


(1), MARIN SEQUENCE - TheS€ We hAVE PreITY WEIL DiscuUSssSED ALLEHDY. 

(2). Red GrANTS 7~ These Are MASSE STArS Which hAVE Broken oft 
The MAIN Se quence AND SPrEAC ouT VEerncALLY (SEE NEXT PHOE) 
And The sPreAd iN LUMINOSITY Depend ON The SPLIT IN 


COMPOSITION : 
(QA). 


The M STArS Are Normal ANd follow ING The STEAL EvOLUTIOM 
TO The righT 


(ob). S STIRS have henuy elements in odd Proporprons LiKe 


LANTHANUM TO IRON 1S Ahour A 100 THES THAT IN The SON. 
we comé bACK To EXplAIN This LATTER. 


(CL The C stmHrs 4r€ Te cATbON Tich sms te. 013 iN 
ParNcurnr and San 


tS AbouT ‘Tr for The hwhesT 
CONCENTYATION ANd ‘Yoo tor The other 


bur Yoo is srt 
A lot ot C3 To hAVE Around. ON EArTh ITS. Ahour Yo,oo0, 
The S- STATS ATE UNUSUAL IN THAT A CEFN AMOUNT of TEChM EFion 
hAaS been ObServed iN The ATMOSPAETE, Since To has a hait- 
Life of 10% Years IT MusT be made IM The CORE NOW And bE 


cAarreD TO The surface IN SOME UNKNOWN FASHION, 
The maSSEeS * Of The sTMrs ATE AbouT YMO 


(3), Super~ GIANTS These have mass '©- 20 That of The Son 


Cy). WhiTe DwARFS ~'F These Are TEeMNANTS of borned out STATS 
Thenwe might ERPECT Some charred Em bers bown below 
uv 
The H-R DinGrAth AS cook hy STm/rs, 
(5) 


One odd bALL CLASS of STATS ATE The Mfenenc sTArs. These 


HAVE STromG MAGNETIC FtELdS Which ExcITE of ACCELE TATE PArNcles 
TO vetocimesS NECESsAry for Nuclear VYEACTION. 


l1@ 


super Red Giants 


3 
1d i 
: 
0% Red GiAnTs 
—_————— 
low. jo Evolution 
LUMENODS ITY ao MARGNENC STATS 


t 


“whire pwarts 


$0 2.40 us3Q so Zo ra or 9: B 


a B 
melee Rédder—> 
TEMP 


ThAT 156 A Brief TUN Down oF The happy sTATS Now we waAnT TO 
Discuss The ren. odd bALLS - The VAT AbLES. We classify Them INTO 


The followiNG GrouPs : 
(). CePherd variAbses - These ARE very Periodic IN Their FiructeaAnon 


And OSCILLAMION IN Periods from Itz - 70 dAYS. No mass 1S KNown 
for Sure but iT iS believe To be Fyrom 3-10 Mo, The Period of 


These OSCILLATIONS 15 GIVEN by 
P pecrud = Q_ConsTanT 
‘ ata a TE ORCI Dis gee 


Te. density 


Br A Dimension AL ANALYSIS WE CAN Atoue Tis rerANONShip. 
If Tne star tS UN COIN A SPherichl Mode of OSCILLATION The 
NorMAL Mode of vibrArion hAS A frequency About equal TO 
The SPees Of LIGKT UtTh 
pe R, Radius 
“Velocity of Sound 
buT The velocity can be estimated from The Kiwertc Encrey 
SQUMING: “The, GrAvVITANONAL POTENTIAL ENELGY So 
vt= GM 
R 
Thus, De Rv “ i & | 


an {™7p3 Te 


iG 


WE Don'T MEAN The whole sTHr 


'S PULSATING but rAThwer The outer 
Shells ATE MAKING The reAl Movement. IT 1S LIKE SNAPPING A 


Whip; The SACTION IS INVATIANT ALONG The rdins so The tip 
MUST Move A LOY SINCE There 18 So LITTLE MASS To DISTURD. 


The stars fre ThoushT TO bE burning hetium 


In LA#vyeren Shells, 
And Seem TO be wetl observed bur ONE Cepheid Stopped complerery 


About four years AGD And HASN'T Kicked UP YET. So Do Ther 


smart find Stop? ts There A dribr in frequenciés of oSc/LLANON 


tt Trey unary iM The direcnon of Aw EX Pind ING UNIVETSE, 1E., TOTAL 
hicher Vetocires, 


(2), Dwart Cepheids - These are frsrer PULSATING | O.UDAYS. IT tS 
NOT KMOwN where They frit EvoluTIONAty wiSe, If They Are—more 
dense ,They would hve short periods for The Above REASON: 


(3). The long-period VATIABLES TRKE ISo- YSO DAYS Per cycle pnid 
These are Not PertecTly réGular IN Their PULSATING. 


UW. RV TRurij - These Are semi-reoulAr or QuiTE IyreGulAr with 

SO-'1SO DAYS In A Perion, These have Shock osciltAn@els ,1-€, 
The outer Shell comes down om The inner stuff Hyd setup 
Shock Waves, ThAT TUN UP And DOWN Trrouch THE STAR. 


WwW. URSA MINOR - Tnese fire 
STANS 


(§). 


G hourS IN PEerindicY And Are binary 
IN CONTACT TOLLING AbouT €AChOTvEr, 


(6). The Old Nove are stars ThAT fiAre UP To MAY bE J0° TIME The 
Lumimos tTY of The SUN Them PETEr OUT. They ATE Undéersrood Te be 
Old double or bINATY STATS Int conTACT TOTRTING AT Very hich 
FreQuencies: im FACT They are susT AtzinG. The Periods are A 
Few MINUTES ,IE., Thery VAdiv Are So SmALL The Frequencies AYE VETY 
SasT, while MENTION ING biInArY STATS There Are Binary white 
dwarfs -ONE worth A Period of Yhours 3% MINUTES. AnOThE F WITh 
RN EXCEPTIONAIEY reoulAr (1 PAT IN 107} Period of tmmoTe 
MefASored oveY Séviv Ac YEAS. IT 16 Berieveds To hyve A SUGKT 


hum? on iTS surface ANA OSCILLATES AbouT The PerwrbdAaNoNn 
Like A PENDULUM. 


(7). 


Flare STATES - stmt ar To Novae AL Ave vP To w4+eereor ot $0 


before PeTerinG our im ff mATTeT of 4 houvs. ActunLLY Trey 
Ave CAILEd M-Flave srars find why Cool STATS ay Tris 15 
MOT KNOWN, 


Another CLASS AS The PLAMETATY NeEbulhe which have Very hoT cenrTers 
LIKE A Lite white dwarf Surrounded by GAS. The Frequencies Are 
different in This spar fd IT MenT be f PLACE IO Check Por The 
€yistence of The Cer) (ev) TtTM IN The @-decnry, 
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~e SKET ch Show ING 
oe RY. TAUPE 
@ TELATIVE PosrnoNn 
OF VATIAbLEe STATS 
Sor PoP L 


, Lene Period 
~ ee 
hoe. | Dron Paarl Copherds : Vatrurh les 


PoPulATION JJ Stars 
eArLier These stars Aré mAiniyY found in The cobvular 
Older And Su bSequent The higher Pornons ot The 
MAIN SEQUENCE IN VOld Siwce Thep have Lone since burned out. A roveh 


sketch of The SCATTERING of These sTRrs Across A H-R DiAGTAM ‘Looks 
LIKE, 


As we MenTNONed 
CLUSTERS. They Ate 


Ww. ViRGints 
ko R.RUYRAE — encimnts §— LONE, 
7 Bey, ; pee VArADLEs 


CAarbvon 
ier Pop. I 


119 


The doubling IN LUMINOSITY 1.2, Two VALUES AT AbouT Ko InN TEMPE ATULE 


‘SrATher COMMON buT MYSTETIOUS AS T WHAT The EvoLUTION ProcesS 1S 
Through This PhRASE. 


The red Giants burn off The main S€QueNCE ANd MOré or LESS AGGREGATE 
IN A Clusrer. These sTArg Are METAL deficient, The rATIO of MezALS To 
hydrocen 18 A 100 TIMES LESS Than The sun. They ArE GewerALLy 


low YoTATION ANd THEYKE Are No close BINARY STARS. GUEN DINATIES 
of LATGE SEPACATION ARE CAE. 
IT AS ESTIMATED FhAT 80% of The SMFS fre Pop. Te ushit€ IN our weiniry 


(T 18 Te other wiv iN favor of The PoP. L's since we pre tN A SPITAL Arm, 


The STATS ON The Previous diAeran frre Classified tN The fortowimne GrTouPS: 
I. The carbon tick ANd, There fore rich 


2 We. Vieoinnis STAs 
Thar They fre 


in heavy €LemeNnTs. 


Ace TeAlLy Pop IL cePheids. Thee Are Periodic Ex CEPT 
A fAcTor of Bor se LESS INTENSE Than POP I's of The 


SAME Period. 

3. RR. UYTAE- The comPrete dunaAmic CAtculANONS ot Their PULSATION Are 
KNown. They hitve beem worked out on ft comPuter Prod They Fatt close 
To The MATREMATICNL VAEUES. IT 1S NOT KNOWN Thouch If They Are 
INCOMING OF OUT GOIN’ helive burners, There IS # GAP which we CANT 
€xPlLAinl AS VET. 

, 


The REd NovAe fre rAre fwd The MiehT CONSIST Of SOME ald POP 3; 
5S. LLP VArIABLES have difterent distributions &€38 A done Ton ot Period. 


Fintily onéy ONG PIANETHIY NEDULA IS KNOWN IN Pop. DT. 


See below 
Atl Passes Are BF The order ot I- 


78 TIO because The henoy ones have 
Burned out. The .75 MO STATS Are The MOST NuUMErous sTArS IN The 
UNIWETSE: They Just siT Thewe pnd Born fad born Awd burN. IN This Grou? 


There AYE No Kw own STAYS Above 107Lo@ Where Pop. T Novae can Flare 
UPTO AS hieh AS 10°" 168 Lo, 


Super Nov Aé 


The LAST GrouP WE WANT te MENTION ATE The SuPEernovate, These Btow YP To 
About 10° Lo, They happen AbouT once Gvery 


SINCE Part LAST OnE Occurred fibouT 1550 which Tycho Brahe observed. 


There mo ATE NO PLE SuPEr- NOVAS ObSevved UKE Pop.T NovAE That entry 
Teach lo Lo And FALL BACK IN A CLUSTER. 


Yodo years ANd We Are due 


There ATE Two TYPEes oF SuPernovade: 


Type | which Occur IN PoP. TL STATS 


TYPE 2 Which occur in Pop LT stars 
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"Cat's Eye" Planetary Nebula-Hubble image 


TYPe 2 SwupermnovAe ATE NoT IdENTIFICd With ANY TECION ON The H-R difteran. 
Their eriGin tS YVIUKNOWN. They TANCE from 1o8S -10°° Lao whew The blow uP 


And LAST About @ 66x MoNTh. The Power LiBeratred in The form of lLlohT 
Is of The 


1o**- 105" Eres 
Are Liberated tN The ACTUAL ExPLoOSiow TO GET ALL THAT LIGhT OVT HUT The 


Russians ANd Feynman disAGYEE becHuSeE Trek TREK About Cotlectruc 


order of lS Eres. The AMERICAN ExPETTS CLAIM\ THAT 


ELECTYON MOTION ANd dow'tT NEES The Ext A Power IN EXPLAINING SYNChOTTON 
TAdLATION. BuT tf We ASSUME SAY 1054 eros 


of Power Goes UP IN SMOKE, 
This 18 EQUIVALENT TO 


ImMoact 1é. ConvernnG The sun INTO rhHw Ewerey. 


THPE | Pop surerwovfe reach 10" LO which corres powds To The 
order of MAGNITUdE of The TOTHL LUMINOSITY OF OOF GALARSY, This Lares 


MASS In. The form of TAMIATION CAHLSES The LIGHT TO be benT ANd IT TAKE 
About SU daérs for 1T TO biow ITSELt OUT. There ATE EMISSION LINES Which 
discloses Some UNKNOWN SubSTANCE cALLEd K which 1Sclose TO hyd rooeN: 
The rEMMANTS OF A SUPEYMOVAE CRN bE SEEN IN The form of The cr&tb 
Nebulae which blew UP IN 1054 find yecorded be Tre chinese. BuT 
The Evropetns were sohir into The DATK Aroes NOT One SCrIDE recorded 1G 


Multiwavelength X-ray, infrared, and optical compilation image of Kepler's 
supernova remnant, SN 1604. 


\Zl, 


One 1d€A PresuPPOSES The ExISTENce of IrON IN The STELLAL AT MosPhere, 
Then Some oTher Process Produces NéUrroms , SAY CPCK,NIO™ whick 


Are very Stow. But A lLoT of Trem hit The tron. Ther Are Absorbed 
ANd The ANOMIC NUMbEr STATS To Climb WILL BET DECAY INSUrFES The 
charce Number correspondence. Ir IS REASOWADLE To ASSUMC Then After 
Alone Ewoveh Period of NME we could buitd uP TO LrANium. IT 


is beueve dd ThAT colLlAPSine Cores Produce jitlions of NevTrows and 
Thus PreVidES The wecess ary SvuPPly. 


However, The ELemenT EuroPium hAS A hiek Cross section ArEA Her 
Neutrons ANd WE WANT To SAY Tht we urould have few of This 
ELEMENT IT cCAPTUreS NéEuTrTOWS So fAsT IT IS comSTANTLY ChAWGING TO 


SOMEMING ELSE. The ATE AT Which This Processs TAKES PLACE IS 
Owen thy 
Re oN 


N ts Tne Numberof MEVTLONS CYOSSING A UT AER EACH SEcONd 
THAT tS, (T 1g A NEUTIONW Friux Awd TnoS ProPornowal TO ‘Vo , the 
Cross SecTiON ot The AbSorbinG sPeciEs WhILE Ys # number 
dewoTINe The Bre NUMber et NUCLEI of AbSor DING ELEMENT Per CC, 


where 


Ir IS tlLusTrATIVe TO Show This dAMINnGe oP AftecT 1 Neo 1s 
PLotTéEd AGRINST The ATOMIC Numbers 


Bo 100 uo 


There (US definitery A bumP AT IMO 12. where The nel rony PILE UP And 
wRhIT A wWhie befere Thex Go ArOUNd. Thos The ElemenTS BEyOUNd The 
Point free ott IN No. Ar tYo Tneré Are TiohTly bound nuctes which 
CAUSES TW PhenomenA, Thus A logical deduCNon That different 
PLACES IN The UNIVETSE Would Show different: deoress of bomp. 
WiTh The old SecNoNs Spwihe A SmALL bump SINce They hard 

A LONG T1ME To work Thouoh. Indeed, This (S The CASE. There fore, 
The NELTYON BRombardmenT iden Seems To hold WATER. 


IAL 


Spallation 


TodAY REepreSENTS ESSENTINLLY The LAST Léctvré ON STeLLAr STrucTUres. ThaT 1S 
To SAY me FINITE CAPACITY To DieesT AN INFINITE ftmdUNT of MATEFLAL hAS 
REen Tewched. While 1 Am w The Process of Find ineg duT whAT Some of 
The réduy En ThusiAstic Theort€sS About STELLAL EVO LUTIIN Are, | irl Proceed 
Alone our PATH oriemAly OUTLINEd WwiTh fA few moditicAT WN du€ TO some 
uP dATEd KNOWlLEd GE Which twill ACQUITE 

Nuclear synthesis of elements higher than iron 
ONE LAST ATER WE Would ( KE TO discuss deals With NUCLEAr SYNThests And 
how The henuier Thaw tron ElemenTS Are formed. WE THIKEd AbouT 
The CNO cycle ANd How IT 1s difficult to mengure Thesé rvanos. 
Also how some STATS have Too Much or Too LUTTLE Cc" from The Three 
heproGen burnNING POCcess. How LiThium G6 AWd 7 ,Bervitium And 
Reoron coold NOT Temmin Im EQutlLIBriom find YET TheY ATE observed IN 
The steuwAr sPectrA, Also how The IfON PEAK S€€NS TO bE IW CQuILIRrION 
ANd Perhaps A Predicted ey—mery renkmtNon disst PATES ENErGEY TO 
MAINTAIN The EQuiLiBrium. WE sho The MAXIMUM Abundance of ANY 


flemenT tS “RON bEechuse iT hAS The hiehesT biIndwe Ewerey Per 
NUCLEON, Since we HAVE CLEeArtd UP ALL OF These CriTiCHl Problems 


Wwe will MENTION hdw The hefulLET ELEMENTS Ate formed because The 
ExPerTs CLAINN ThAT (PON WwoUld NemrAily decae BACK To heliva. 


The Processed beligved To be The cAuse Of The hiGher ELEMENTS 
IS SPALLATION. This Invotves hioh ewergy PLOTONS Or NEVTTONS Bombardiny 
The ErvementS ANd KNOCKING or CHIPPING of f Littte Pieces. Tharis Lice 
A 100 Mev Proton KGRING AN OKCYCEN ATOEM TO form Leek? Ploy oTher 
débeis, Tris 1S WoT A HSSION Procéese boT cAhTHer LIKE ITS NAMES « 
IMPLIES A KNOCKING off, This is YEALLY Cosmic TAY bombard ment. 
Exper tMEnTALLY we can Produce # SPALLATION EFFECT And GET ft 
MenSure able QuéANTITY of Li? Li’, Be | The ramo of Lit,le?/ Be IS AT 
bEST AlouT BO? wiTh Wich Mev Protons. Since im A star bit weoutd 
be FATED TtohT AWAY by AN ALPHA PATTIcLE , 17 iS ExPeete d ThaT The 
DeerecTAble TATIO IN STAYS Would Never Exceed Ort. But Too steers 
hAvE been Observed wHich CONTTERDICT This sriTemenT. So- 


ITis vers hard To MEASUTe The GuAwnnes of lib And ls? SINCE 
There SPECTYAL MCINES Lie SO CLOSE TO ONE AWOtMer, 


But where Boes The urAnium come from? We vSe The Eweroy Necessary 
To bind iT ToceTher bat how was iT formed? From A Volcano may bez 


CérTAINUY Whatever The Process iTcoutd NOT HAVE bEEN AN EQuiltRriunm 
ONE, was 
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Since That fbouT TAKES CATE of MY current KNowLe doe we wilt have 
Io co TO SOMETHING ELSE ANd sTAIT by ASKING for ANY QUESTION. 


WE MiGhT BriéflLY MENTION The PATW WE orloImAlldY SET For OUTSELUES 
AS TOWhAT WE ALE GOING TO COVvEr YET. The ATEAS AE 


(i). GALACTIC DYNAMICS 

(2)  FAd1O EMISSION | how They Are EmiTED , SENCKruTroN TAd (fToa) 
@) = cosmic rAYS 

4). Radio GALAXIES ANd QUASARS 

(5). SolAr SYSTEM, PLANET, Son, ANd The “Noth moness” of SPACE 


Tomes %3 ANd HY witl be deALine WiTh PLASMAS or ACTUALY A 
MAGNETO hYdDroDeWAMICS diSCUSSION, 


SongeoNG broGhT VP The QuesTONn OF Cosmoloeichl Theories which 
TEMINdGS ME Of ONE JNTEresTING POINT cohich UfaiLeD To MAKE! AT 
The TimMé, WE TALKED AbouT The COsSmolLoGicC AL EXPANSION fRom Some 
EAtLIEr Time Amd NOW EVETY THING 15 FLYING AP ATT. This PresuPPOSES 
SOME TIMG Period When The UNIVETSE WAS PACKED SO THEATLY THATIT 
Wovld be Posstbre for Photons To EXIST IN EQUILIBFIUM, [fF we 
fhccerT The BANC COSMOLOGICAL ASSUMPTION THAT EVErY THING Loo KS 
The sAme here AS 'T Roes ANY Where ELSE We Wourd LUKE To Show 
TRAT There TEMAINGS A TESIGUAL DISTTIbYUTION Of PhoTONS IN The €xAcT 
SAME ProPporTON KANow AS There WAS AT FAA Previovs PrOPER TIME. 
ThAT 15 To SAY AfTEr The EXPLOSION THAT SQuITTED EVErY Thing ov, 
As The density REDCED ANd The TémPerATure COOLER Ard The Photons 
STOPPED INTETACTING WE EesTAiished SOME BLACK body rAadifNON 
Temperature Ts and Proper Time €s. The spACENG beTween The 
NEXT NEATEST GALAKY IS GIVEN bY Rg, AT Time To Now There 15 
A corresPONdiNG TemperfAature To civen by The rAno, 


Te = Ro 
Ts Rs 


This EQUATION poes NOT SAP ANYTHING Protound but iT Does EXPrESS 


iN f& FATher succineT FASHION Fr VETY COMPLICATED Phenomenwh. IT STOPS 
how The ExPANSION OF The UNiverse tS CELATED To The ovtv Ait Photon 
INTEr ACTION TENDING TO cAvSe A UNIformM BACKGrouNd of BLACK- 
body TAdIANON ThrovuchoutT ALL SPACE, “TERR 


We MEAT PICTUTE ThIS Phenomena AS WE DIO EATILER IN The course 
BY DrAWING A Proper TIME Curve Showine The NebulAr mMoTON from 
SOME PFESUPPOSED SINGULALITY OF OriGIM. BY DeRNING our reference 
Point AT Fe we Avdid The dif ficuer Problem of EXPLAIN The reALl 
INITIAL Cond ITION, TodAY WE MiebhT ThinK of Ro AS The DISTANCE 
from Us to fAnidromepa, The NéExT GrAPh MIGHT helP: 
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The DISTANCE Re AT Proper Time Tr. NOW, Should be EQuAL Across The 
ADJOINING GALACTIC SPACINGS AW BC -?D --- 
Powbenee At ts 1S That O->A oF Ro 
AS s ~ A' Or Rs 


To/ Ts. 


Suppose we only consider A LocAt 


While The corres- 
1S The SANE ProPorNonaALly 
RS The Decrease IN Over ALL BLACK Rody Adi ATION 


bt PhenomENA, SYPPose we had 

A mirror AT te PLACER ON ANDFOMEDA,, The PhoTONS Movin Tnroveh 
TraT PoinT come IN ALL DITECTIONS WiITh € Q VAL PROBAbILITY. This 
MeANS Thea T tf A Mirror wAS There €ACh FEFLECTION Would corres- 
POND To A LoST PhoTION, 1é., 


Mirror 
TEPLECTEDN 


PhOTON 
_- 7 7 ON imMPMreD PATH 


INCOMING 
Phofon 


if The mirror tS Then Altowen To EXPAND, The PhenomenA 1S AnAtocovs 
To A STANDING WAVE PATTEFN IN AN Ex PANDING BOX. THAT 15S, 1 WE 

consider The number of Quant IN The Rox, ONLY The Fa Modes chfnes. 
The wave number UR chANGES bY A SCALE fAcTOr TO A New VALVE 


AL «x 


The piSTYibeNonN of Photons Per GIVEN WAVE number AL. 18 G1UEN by 
The BerttmAu DiStribuNon, 
Ferm: - DiITAC 


a ! J 
NR >_> > 
E 

ear ty ENE 4 

where The EnerGy of The PhoTON = hy = hke 

Thus AT The New WAVE NUMber 
t 
nN ~ 
es @ SRT 
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ThE Mirror is Now ASSUME TO be A bLACK body 
ot S°. 


AT AN ESTIMATED Temperarre 
AT This Low TEMPEVATUrE The ENErey Is ProPorTionAL TO vy". 
WE RSSumE 


A UNIFOOM bACKGrouNd NOISE CorresPonDING TO fbouT A SK RLACKbOdY 
TAAVATNON. That 1S , A 3° BLACK Body LUSTY boTnoNn , 
MER SOTEMENTS Go This 


As Par as our cyude 
Seems TO AT The belief TAT This IS The 
TEMPETATULE Over ALL SPACE. 


This special topic on black body radiation and arriving at the 3 deg K 
approximation is a strong validation of Feynman's insight into a cosmological 


theory that was just emerging with the Penzias-Wilson experiment described above. 


Red hot 


1800K 


500 2500 4500 5 10 15 20 
Wavelength % in nm Wavelength «in wm 
2 


Cosmic background 
_ radiation 


2.7K 


Power density (w/m* ) 


5 to 15 


20 25 
Wavelength & in mun 
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CHAPTER & 
Nuclear SynThes!> 
Today 


| AM GOING To ACK To NucleAY SYAIThESIS jhoPetully , To feuish 
uP TAs 


Discussion before GoinG& ons. This tS The lectvre ¢ Shoutd have 
PrepAred CasTr Time. 


AS vou FECALL The PROBLEM 15 TO EXPLAIN How The ELEMENTS BEYOND 
IRON eRe formed. Theve Are A NUMbeEr OF Theories which SEEM TO 
ProPorT To understand The Process, we will ONLY DeKcribe Two Theories. 


The (d€A, AS we Brief lY MemNoned, KAS TO DO wiTh NETTONM bom bard- 
MENT. If The bemd ard ment 


Né€vtIroNS vwTit They 
E-Nvumbey, tf The 
7MostT of The 


SS Stow ENDVGHK The ELEMENTS wITh ADD 
vadeErGo A (- dECAY ANd Thos JumP TO The NExT 
ProcésSs Goes fer A long Period we CAN SYNThe size 
ELEMENTS, 


WE SKETCH A SMALL PAYT Of The {tSoToPe TAdbLES 


ANd EXAMINE how 
MovemenT cHN occur uP The Tirblte 


IN ATOMIC WEIGHT, 


N= wuMber of Neutrons —> 


The red Numbers INdSICATE The 


PercenTAGEe Of The STAbMITER LSOTOPE, 


LeTS follow CAdmium HO, Suppose IT 1S Bombarded by A SLOW 


NéuTYOM flux ANd IT KEEP Add ING A wEeUTFON UNTIL IT TeAches Cy"S 
which 1S UBSTABLE, The dewsiTY of NEVTTONS Dorine This Stow S -Process 
IS ESTIMATED TO Be About 10” cm?. This tS A L0T oF NGEoTrONs ANd 
The tosicAt QUESTION To ASK tS where They come From, 


iT SEEMS LIKELY THAT They Are Left oer from The CArhbow cycte 
Add hieher rEACTNONS LIKE 


ws” 
C'S(a,njo' —-O'FCK,N) Ne or Ne (a, n) Ms 


The orrein of ThESE TeEncTIONS APPEATS TO be occurriING IN 


The interior oF Red GIANTS bechuse w A SPECIAL GrouP of These 


STATS which ATE METAL TICh WE SEE TechneTium And oTher hicher 
ELEMENT. 50 & DewsiTY of 10’ DoES NOT SEEM TOO high for 
The Processes To Produce mSid€e Ed GtANTS 
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This Proc€ss Goes uNTIL IT TEACHES AN UNSTAbDLE IsoToOPE. AT That Time 
A- SEA? wll occur AASTEr THAN ANOTHer NEUVTTON CAN be cAPTUTED 
SO WE Jump To The went ELEMENT, SAY Indium US. The Process CONTINUES? 
A NEoTTON IS ecAPTYCED : B-dechy follows ; NéevTTON CAPTUrE 40: LETS 

US Go ThrouvGh TIN 121 which decAYS TO ANTIMONY (21 ETC. ETC. 


We Are QuttK ro NOTE ThAT There Are A lot of BLANK SPACES 
ON Either Side OF This DOITET LINE, ThaT IS, S0ME or Perhaps 
MANY, ELEMENTS CANNOT be MAde IN TriS WAY. We would TeQuire 
AN EXTrEmMELY LONG TIME TO LET NEvIronS TrickKLre PAST Cq''@ To 
STAtT higher crclesS. But it The densiTY of NEUTTONS was hiehkh 
EnoveGh So TWAT fo- dechy Octurs betocre CApTure, The Wwhol€ PrOCcEess 
iS Altered. There eExtSTS Then Two PFOCESSES whitch Occur TO 
CYEATE The NaAVoriTY Of The hieher ELEMENTS: 


(11 Stow or S- Process where Alt The B-dECAYS Go AS EXPECTED 


(2), vaeid or rf ~Process Where The neutron Flex ts So FAST B-decap 


Does NOT have TME TOOCCUY aT ALL, 
The ELEMENTS ALE LALELED AS TO Treir MEANS Of PLOdUCTION find 
we see ThAT The process farts im The lower PoRTION of OVDR 
TARLE, The Nevtvon Mich Sid&é. Some Element CAN bE SINThEesiteD by 
both bE., The TOTAL ProPORTION WAS PATS From boTR The ri S Process. 


On The PrerToN rich Sidé or vLUPPEr POTCNON The PEercenTAGCES ATE very? 
low, 


The exAcT tefison for TweEse ProTON rich ELEMENTS SEEMS TO BE TIED 
up in ANOTWer ProcesS CALLET The P-ProcesS Which ts NOT very 
well undeérSrood. These El€menTS JSubyecT TO GAMMA TAS Loose A 


Néutrvom And Leave behind eExcesses of ProTONS. Wie hAVE No Iden 
where This ProcéSS Occurs or WheEN, 


However, The S- Process wilt mor céET US TEAChK VrANIUM becAuSe when 


GETS uP To LEAd ANd GETS CAhuGhT IN A CYCLE, IT will conTINVe Throuch 
Bismuth 209 but BiSmuTh witl vnderoco ALPHA EMISSION foLLowed 
by Meurron cAPTure  QB-decAy And Rround AGAMW. Bismuth is The 
MosT MASSIVE STABLE ELEMENT, 


To further underSTANd ThiS NEVUTTON CAPTUPE PrOoCcESS WE would LiKE 
To TALK IN Terms of The NéuTroN Cross-SECMOM. The cross~SEC TION 
ot A Process iS defiwed AS The ProbAbmiry TraT The process 
eccurs 6 The INCidemT BEAMS CONSISTS OF A StNGLE PRArTICLE 
ANd The TAYGET CONTAINS ONE NvCLEos Per unit AER. 


128 


Wwe can define A QUANTITY 


On N = CONSTANT 


Then AS A Local Fue for peutrom cCAPrure because iT ts WOT 


True for A LONG Pevion of Mme. INtRCT We S howed LAST Time 
how f# GrAPh of osN versus “A” LooKS Awd PoINTS dD out 
VATIOUS POINTS oF FRUCTUATIONS. it would be Ice To have 
Severfll IsToPes of ONE ELEMENT 8 fermed by The S$- Process SO 
We CAN Check TO SEE thuve Uader Stind What 1S Golme on. IT 
Turns ouT SAmArium 148 And ISO Are Preeesse Propuceno 
This wav ANd i fcr iT Turns oof That The Product NOw for 
NEVMONS of Temperature B3OKiWovOLTS Are fAIT LY close 


, beé. 
4,930 f S40 awd 2,770 + S35 


TESPECTIVELY. 


However , The ProBAbiiTY of cAPTOrEe YATES in fA characteris ric 
MANNEr with The difference perween The enercy E of Tre ilies 
Systems AWd The ENErGY EA of The resonANnce Levet. Thar iso 
Fivctuate AS ft funcnon’ of ENErGY Amd hits A tes oGhe cute kes 
ENErGY matches A Level of The MO&ClEUS. AS The ATOM becomes more 
EXCITED, ow The AVETAGE, The DEPATATION beTWwEeEN LEVELS dDECFEASES 
WITh INCYERSING EWETGY OF EXCITAMON. The TiehTEr The bindéNne 
The LESS The SPACING. While AT The SAME TIME The level WIDThS 
DECTERSE WITH INCrERSING mAGNITUdE of The evecrroSTATIC barrier. 
The ELECTVOSTANG barvier InhibiITS The EMISSION OF ProTONS. 


iTS 


R- Process 
TUNING MOW TO The R- PrOCESS WE FifsT consider The AbunDANCE of 
Nucté; formed by The a-process. A PloT of Z us. 
LooKS SOMETHING LIKE; 


ATOMIC NomMber 


KYYPTON 36 


30 
*.) 82 ite igo 180 
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The belay S AT The Numbers B82, And I%— Are direcriey rétATen TO The 
NévTrow Rombard ment. These NUMbErsS AE TECOGNIZED AS The MAGIC NUMbETS 
for closem Shetts., AT Atomic number 82 The wexT INCOMING NéuTYON 1S 
Knocked Our by A GAMNA. (s- DECAY Occurs To INCrEASE The 2 Number, KE, 
The proTON Momber but The wuclevS STAYS AT 82, This ProcesS increases 
The PromoN CounT NOT The NEUTYOM TOrfL UNTIL IT reACheS A PONT Wher é Tre 
Next NevTFon cn bE held ANd Whe process GOES oN, This Process GOES 
on =pAST XENON but The NUCLED ATE PFOGESSIVELY LOEHELY BONd ANd 
Finally AT The upper €Entd sav fround Radon fission occurs And 

The PATTICLES SPLIT ANA beoeim The CLiIMb AGAIN. The ENERGY Given UP 
br TheSe ONSTADLE ELEMENTS TIYING To GET DOWN To A STMbLE Con FiGurATion 
for instance LéAd 1S The store ENEroy TELEASED IN bombs  wuctenr power 
PLANTS, ETC. The Quesnont tS where The Enere® OTlGmMALLY CAME trom 
To creaTe Thes€ onSTA bLE FSoTDPES, Perhaps, The mosT Likery PLACE 
(\S ER DURING The ExPiosions OF SuPer NovAE, WE JUST DON'T KNO w where 

A Neutron Flux of The density ( About ipttcm}) could €xisT TO Propxe 


TWis NUCLEAr SYNTheS(S. 


RADIOACTIVE ELEMENTS 


AN INTEFESTING PYObLEM AriSesS CONCErNIMG These ELEMENTS WiTh LONG 
haf Lives. For instance 1, BOTh Lodine 126 with haf -life = 17 mituiow 
Years ANd Plutonium 244 of 82 muitlion years ANd Virtuauy €xTIMCT ON 
€AYTh. Rut todine déCAYS INTO ZEON ANd ZEON 179 1S Found 

IN TocKs CONTAINING L'*? Since ALMOST ALL The 1odINEe 13 Gone IT 
coud Not have been form much More ThAN 3x 17 MILLION Y EATS 

before The measurement, 2.,MOW. WihAT We Mow CAN ESTIMATE IS when 
This mMoclear SPNThesIS SToppepn And formAnON of Solids beean. 

Br mensurene Xe" /T'2>  dicectiy now ,WoT OM EFTTA buT IN METEOrS, WE 

Arrive AT A fteure of 46 Kio? years fs A Time OF SotiD formATION. 

WiTh SOME MuMbLING A PEetiod of 1o8 years KAS bEEN GUESSED AS TO 
The PonT of SyNThesis CessaTION. A Time PLoT of The Above SpATENEnTS 
would Look LiKE: 


lend of | 
S?NThesis 
| 
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The oTher radiogttive ELEMENT CAN Give Moré CLUES TO ATIKING The 
ProPer TIMES To Our SCALE SUT The QuESTION IS Wide OPEN ANd VETY 
confusen. Elements crkée US C7ig) , Ur (4,Slq) » Thorwon (14-39) , 

And Rhenium (409) would be inTeresTING To sTUDY And Sée WhaT 
CONCENTIFATIONS TheY occur YELANVE To EfChoTner, For tustance, The 
formation of US and U8 Is) Dy The R-Process. Bur U3? wil omderso 
ALPhA EMISSION TO GET bACK To 238. BY GUESSING The many DifferewT 

WAS Thes dEcAY Could occur, IT IS believed ThaT The rArio ot The 
CONCENTFATIONS IS 235 


Un ges ~ 1.68 2.3 


while Thorium to U8 4s Abour The SAME 
Th /y238 ~ beS £ .3 


WhAT CAN We Do wiTh These fiovres? Well ,»we KNow The rArmo Now 
To be A boul, 


ue3s u2ss | 2.00723 


a MOw 
LeTs wok BaAcKWwaArd over 4.6 QiLLION YEArS AT The Time The soups were 
Sormine. ArriuINe at A S$levRE ot 


ues | = .3t 
hey 


This ‘is wot 1.65 AS WE CYESS Above but tT CerTAINLY 1S MOT More. 
i it WAS This would Mess Every ThING UP, 


WE cAM ATLEAST, SAY THiS WAS AbouT The LAST MOMENT witend SOMETHING 
could bY S¥MThe SiteD buT IT 1S WoT Where IT Ad TO be MAdE, 
U*3® coucd have been MAGE Lone! betore This. The ExaAcT ProPornons 
ot The ProdUcnON SAY AT The INSTANT of first FormAnon ANd The 
LAST FLEETING MomenT when The condinons were FAVorALLE COULd VATY 
A GYEAT DEAL, MAYbe 80°%0 of us Cons pande 134 years foo And 
The res. TEs T Yog vears foo, We Are lEtT ATA Difficulty and 
CONFUSING PoiNT To Try ANG GET IN formATON. 


Since Thorium hAS A lonGEr Period The CONTYMIDYTIONS IN The LAST 
few minutes of ProbucnoN Would NOT MAITEr much, BuT The ration 
of Th/Y mous tS NOT KMowN very WweiL. ON EfrTh IT IS ESTIMATED 
To be 3.8 Which Gives A Time of U3Q When The Solins WETE 
Sor mene 


13) 


A more iNTEresTING CASE STILL IS The DECAY of Rhenium 187 
be cAuse iT THKES YO billion PEeArs which IS 


INTO OSMium 187 
if we had The ratio 


bevwevedD To be Older TRAN Tne UNIVErse. 
OS/Re we could CALCULATE! bACK TO When ITWAS MADE ANd bE 
Priviy cerTRiN ThaT we had ALL The Probucnon AT That Time. 
THAT SOME of The oSHiue is formen by The 
S-Pracess formed 
Thus we can Find 


The Problem Here 1S 
S-Proc€Ss. So ThaT we moST SobTRACT This 


OSMIUM From The Osmium WE KNow we Have, 
The OSMIUM BYE TO DISINTE Or ATION 


(87 187 t {86 (BY Soncy) 
Oss = Ose’ ~ ( £2 Jos 
BIS 6 (8?) 


Rhenium tSoTope made by The S-procéss we haveno 


SiINEE There 1S Mol 
So we hve To MEASULE AiiltionS 


wht To CALIRFATE Tne osmium Process. 
ot o's ter EACH isoToPE ANG CALCULATE EXACTIY how much Osmiun 3S 


ferme bY The S- Praess. 
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CHAPTER Y 
FEYNMAN ON — 
DicKE On The ObLATENESS OF The Sun 


Since The demand ts DO Discuss DickKe ANA AS | PromiseH LAST week bul 
TOTALLY for cok | Lowotll Proceed To TELL WhaT | KNOW AbouT his Theoey. 
Since Ut didn't ATTEND Wis firsT LecTore AT CAL TECh when he ExPlqmeD 
his ExPeryMenT -t CANNOT CriITICLee THAT And For ThaT ¢ APotoGize, 


The CLAIM (S ThaT The SuN POSSESS AN ObLATNESS perPenDICcULAY TO ITS 

Ans of RoTATION. The ASYMMETRY OF 1 PART IN 10,000 MEANS ITS IS 
SQuashed Too Much, EXPEMIMENTRLLY (T IS Very DIFFICULT To LOOK AT The sun 
ANd gee THIS obLATENESS because of sotgr FLATE, DiffreuTY INI DISCErNING 
The rene surFAce, ETC, WhAT Dicke DID WAS TO TEChNICAMY Obscure The 
SUN wiTh A CifculAY MASK. Then To Go ATOound The EdGe ANA Look for 

ANY Second WAYMONICS tnt BrieohTNESS, Ant ASymmetry in bRIGhTNESS 

would be reLATED To EQui- POTENTIAL BrAvITY TEGioN ANd Thus TO The ODLATENESS. 


The résulttine conSe quence of This SQuAShed SUN t3 THAT Mercory, IN 
MAKING A S@o Swine Around The SUN, DOESN'T COME RACK TO The OFeINAL 
POINT, When ALL The préetTurbine forces ON Mercury Are Considered, E.G.) 
Venus, EARTH, ETC. A YeSulT of 417 ‘Seconds oft AN ATC TemAiy UN EX PLAINA BLE 
IN AniSwerine Why mercur? Precesses AbouT ¢T Perhelion same $39 'Arc- Secentury. 
The Number Yh7 1s The Feynman Number SINCE | rémMEM ber This trom 25 Yéenrs 

AGo And CAN'T Vente IT PGT Mow. AT ANY FATE The Genéernt Theory of 
RetAnuiT? , AS EINSTEIM «PROPOSES PreDicTeD A VATIRTION IN MASS with velocTy 

tor Mevcury Thar GAVE A CorrecTWN FacTor of 4W3*secowd S$ of Ac. Thus 
Astromers mumberel A LITTLE ANd SAID 1.3 Arc-Sec tS A Good AGREEMENT. 


But New DicKE SAYS ThaT AS A FESULT of The Sun's ODLATENESS A QuAdro- 
POLE 15 €STADUSHED Which cHuSes A Sem corregTION of 4 are-sec SO 
ThAT The rEMAINING Perrhetion ShifT tS 327" This ts GETTING To bE 
fi‘ NoT So GO PP AGrEEMENT ANd ,PeThAPS SOMETHING IS WrON& Somewhere- 
€iTher In CINSTEINS Theory OF IN DICKE'S, 


Now A coupre of REmMARKS— First, iT IS Very DiIfficuLT TO TAKE A MERSOrE- 
MENT Of briohT Mess ANd OBLATEMESS. The Quesrion of Whebher egui- 
SorresPoud§ TO €@OI-Pressure or? EQUI-POTENTIAL 1S hArd TO ANSwers. 
Secondly The QUESTION Of how The €MQRT prewrboaANons Due to ENnth 
PLANET AS COrrECTIONS To The Tormt €rror is im DoubT. ThAT 1s, how nccuraTecy 
1S YLT KNOWN SINCE IT WAS DONE Some Forty years. This tigore of $39 
Seconds Of AYC IS A TYPICAL ASTTONOMICAL NUMbER ,(.€., There ISNT ANY 
$397 some Error . AstroMo mers AYE NOT USE TO WOrkKING with Errors 

And if you AS Me This whol€ SubsecT STINKS, To DISCUSS DEVIATIONS OT: 

Yo fre-seconds when S39 hAS MO Error UmLVE 15 RowN FIGhT INSANE, 1f, 

‘N FacT The suy has This effect ON Mercury Then The obi ATEeness effect 
ON Alt The oThey PLANETS MUST bE chrefuLlY CALCULATED. |} would recheci< 
ALL Thes€ CALCULATIONS YErY carefully firST before MAKING A Theory 
TO EXPLAIN SomeTHING Which youre Not Sure ISIN ETror IN The firsT PLACE, 


brionTA ess 
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DIKE however, 15 IM The UNUSUAL SITUATION Of EXPErimenTHUY Check we 
A Theor’ he himself, H&S Be WHITTEN Down. | 


hAVE £ Good Devt at 
ReliAbiliTY IM Dicke As A very cAretul 


CXPEYIMENTALIST Antd TheorniTciAN, 
HE LookS AT EvéryThing And (S NOT Footen by What has conc before. 
Ir is tS Son hard luck iF he 


ISON AR WILD GoOSE chASE LIKE 1 
Think he ts, 
So DICKE WoRKED ON AR NEW Theor of GraviTY ANd TO ExPLAIN Why 
he ThinkKS oGrAvAviTY |S MADE UP of A MIxXTUre of TENSor ANd ScALAR 
FIELdS INAMPORTION of I[-5: S TESPEcTIVELY WE Go BACK A UTILE TO 


EINSTEINS Theory. IN ThAT Theory Emseiw PostuAL ATED THAT oriviTA- 


TIONAL ANd INERTIAL MASSES ARE & STRICTLY PROPORTIONAL, RemEmMber our 


DiScusscon OF The ELEVATOR ANALOGUE IN Which WE EXPLAINED his PRIN- 
cIPLE OF EQUIVALENCE, The force OF GYAVITRATION Is Then ProTORTIONAL 
TD The MASS , TRE QUANTITY Which 15 FUNDA MENTHILLY A Mesure of 


INEYTIA, Iris A mMEeNSure OF how hard tT IS To held SomeTniInG which IS 
GOING ATOUNd IN A Circle, This force is ExAcTLY ProporNonwAL to The 


BASS with GreAT Precision VF IT were WOT EXACTLY ProPornon AL There 
would bE Some eEffEcT bY Lohich cmertiA ANd WEIGHT would nbiffter .the 


Absence of Such an effecT has been checkEp with @reAT RecurAcy by 
AN ExPeriment DONE First by ESTVES 


in 1909 And moTAbLY, bY Dicke 
More TECENTLY, 


The Accuracy of This ex PerimMEnT ANd EQUIVALENCE 15 
Abour | PArT iN 10". 


The E0TVOS EXPErIMENT INVOLUES A SwING MASS ANd MEASUVES The rATIO 


of GraVITANONAL To CeNTrifucAat Force ter And COMPATES Them rano 
for vitferenT mMATErIAL, The QuesTION 


(Si: IM The early CWENING AS The Sun 
(S SETTING ANd were 


ON YOUER SKATES Why Don'T we JUST COAST of fF 
TOWARDS The Sun. Wet , (TS Stn ple — The enrTn is FRLUNG WiTh US AND 
IN A PRoPornonmtl AMOUNT: Since Pollér SKATES Are hard To MIKE, lers 
Pur &Two obsecTs of EQuaAt INErTIA aE The end of A LONG Quartz 

rod HUNG on A Perfecr PivoTy. |f The INEYTIAS ATE EQUAL ANd 

The GY AVITATIONAL ATYACTIONS UNC QUAL, The rod would TwiST Around 
UNTIL IT LINED UP POINTING TowArd The SUN» RYT The cenrrifueAL 
force bALANCES The GrAuitANOowAL ATTYACTION SO WELL ThAT Wwe sry 
They Are €QuAL for ALL INTENT ANA PurPose. 


(€ Gravity consists of Two Parts oR fied 


'N A Mixture of I-s iis 
where Sts A 


S Coutd be AS much RS 
comTriburmon of Thar Much. Bur if § 
EXPLAINS ThaAT Y arc-sec bY The TELATION, 
Ci-4dts) = Corréct 

43 Arc-seconm 
which cASE S tS AbouT 010. 


Peorew' ProPorMomALity facTor, 
A0%o ué. A Scatar fred 
IS PICKED RiGhT we CAN 


U,TRINK. tng 
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However, The veflecnon of LiehT by The Som ts 


ProPorNoN AL ONLY To 
The TENSOR FIELD ConTRIibuMON Cl-$), 


The precise AmouwT™ of deflectow 
IS AN ATER of ExPeriImenTANON COMCh will HAVE TO recheck, Bute (itt 


beT he doesn'T fied Any Such Si€td CONTRItbUTION Aad Im GLAD hey oy 
The chASe NOT Mme, 


MAch'S PRinciPlE I$ ALSO INVOLVE IN ThiS DISCUSSION bec AMUSE tT ASSEYTS 
THAT’ The INERTIAL ProPErTiES of MATTER ATE deETerMIMED BY The properties 
of MATTER IN The UNVErSE, This imeuies THAT There tS Mo RosotuTe FyAME 
ot reference SINCE Two UNIVErSES ONE wiTh A tot of Mebulme ANA 
The oTher with A few would show difteremT Amounts of CenTri fuente 
force on AN obvECT TOTHTING. LocAlly The Sun fad The GALAXY AYE Sources 


of ANISoTroPy OF MATTET wut No ETFECT WAS MensureD beTTér THAN ONG PArT 


IN 10. ThaT 1S TO SAY INEFTIA IS GENETATED or CAUSED bY SOMETHING ELSE, If 


WE could find The density of This bacKoround mATIEr CAUSING ALL The INErTIA 
we would find S. DickE ASSErTS THAT MACH'S PrinciPLE regquir€s That 


ANIS OTFOPIES be unobSerpaAbLe becAuSe ALL INSTYUMENTS have The SME 
(SoTroPy, 


The Problem veLATED To TVACh'S PriINCIPLE ts whelher or not The moTi0OM of 
Tre waTrery in'side€ A SPINNING PALE DePEeWwDS oN The MOTION of The 


VELATIVE Number of NembulAe, We nnow The wrer SpLAshes Up AGAINST The 


Sid€ boT WAAT ha Peens IN A SPACE VOId of MATTEr: does IT STILL PISE 
IM A PArAbolic shape! 


To ANSwer This QvESTON WE consid Er A COSMOLOGICHL Theory IM which There 
Aré mo wtbulme. IM This speciat CASE 


EInsTeins Theory of ormaurATION 
whieh he wrote AS 


Ray = Tay 
where Ruy is a funtron of The erquirAnowme PoTEWNHL And ALL ITS 
derivatives G47, 39RY Bau i re 
ax oY ext : 
fund Tur 1s The 


STress TENSov ot The matter outside The rein ot 
INTEVEST 


oR WE CAN voon>re 


2 
a) ) = gerere 
where []*= The D'AlEmberniAaN operator = VE — Vr 


= ea 
o) (S$ The GraAUIT ATION POTENTIAL 


Aiso we recnic The. ELEMENTAL LCENGTh 


ds* 


In Four - vector notanont 13 


= qacy dxudxy 
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\f we WAVE No MATTER SO ThAT 


Tay =O , Then The Solution To Rav 
TRKES The form 


lLOeo 
quv> ( 35183) 
OOu-! 
or ds'= dt*- d'-dy - 4} 
This Une ELEMENT DEscCribes A FLAT 
This ferm mater has 
INEVTIA, 


SPACE And AS A consequence of 
INErTIA ThoS WE ExpecT The PALE TO CX pERTENCE 


If we consider # PALE AT The CENTER of A ShelLL Mane UP of NEbul HE 
TaAT AYE YOTAMING AT Gee SOME ANGULAY VELOCITY Them im order 
for The water ro stay FLAT 'T Must Turn with The same -%. Ru& 


The PALE Turns AT A CATE LESS THAN 25 ut ts AN W Which U5 


ProPorNon At To QQ wiTh Some = fecrers reducing it, The centri fuoAl 


forcee; Then derends on The retnrivée ANGULAR vevociTy Rerween The 
Two SYSTEMS. 


The vifficulTY IN UN ErSTANDING ThiS Problem IS IN 
FINDING A Solurion TO The Emsréin EQUATION 
for Tay =o ANd SATISFYING TheCoRRECT BOUNDARY 
CONDITION. BREYONd The shett of MATTER The 
METVIicAL TENSOR q“4y iS ASSUMER To 

t 
APProAch ( oe ) or simpty | but This ts 
WYONG. Guy ShOuLd Go TO 0, 


To S€é€ ThiS we constdér AN ANALOGUE IN 
ElecTYOMAGNETIC Theory. From The MAXWELL 
EQUATIONS WE KNOW VE =e ANd WXE =o ETC, 
It There AreN'T ANY chATGES $0 That Ve&=0 


5] 
WE hAVE A SolUTION IN WHICh we hAvEe A CONSTANT 


Electric FlEud int The B@-direcTion, SAY. BuT To have A UNiform 


Fl€td IN The Z-direcnon IMPLIES we musT have Chrroes fAYTher ouT or berew 


CAUSENG The Field. if we have A SolLuTION Then for which Yuy does nor 


VANISH The NEbul#€ MUST bE ChArced SINCE WE CANNAT ATTribuTe Tre ftetd 
To EMPTY SPACE, What In Fac, miahT WE The CASE 1s A LAGE Shell ferther 
ouT CAUSING The inerafiq Efecr, 


WhAT We ATE MISSING 18 A WAY TO Predict iNEerrif From PHYSICAL Propernes, 


So tty we haven'T STATED ouR LAW Ri@hT. ThAT 18 TO SAY The EQuATION 
VE = voes NoT CONTAIN The STATEMEMT ThaT ALL FIELDS COME From 
MATER so we can'ir Arave from The pifferenTIAL EQUATIONS ALONE, 
WhLE EINSTEIN PErmTS IN€rTIA To ExIST WhEN MATTER (8 NOT PRESENT, 
MAxnwew Permits A f1€td To EXIST shen NO ChATGE 1S ATOUNd only if 
The PosTuLATE ThaT The FIELD comes from sone charees 
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The Stress Enered TENSOR Tuy 18 The source of oraw ration Feld. 
This TENSOr CongisTS of AN ENMEFG® CONTYI bUTION Whith WECALL P 
Plus Tw which ts The defermAnon STVESS, ~~~ , ty The Flow momentum, €eTC. 
We CAN Show The MAIN CONTribuTION Te The Gravity field comes 
trom Tuy ov 

4 wy ~ Tay 
Yeduces To a 

guy ~ Tay 
Suppose ThaT 

o*® = fied Producen by The Trace of Tyy 


a*4q = Tyy- Tu - Tar - Ta 

If we CONTAIN A SMALL Glob of Stuff IM A volume ANd Permr 
ALL Sorts of STress CONTY IbUTION , SQUEEZING, SQUAShING, TWISTING, 
cre. WE cAM YEPLACE The contri boTI ons bY VOLUME IN TErGrALS 
To deTer mine The TENLIZE STYENGTh of The ENETEY CONTENT, KE, 


( Tyyd Vor — err dyou.. — } Terdvoe ~~ §T33dvoe 


where | Tuy dVol 15 Bue To The MASS 


Ir wilt suffice to To Show § Tu dvoe =O And The rveST CAN bE 
worked ouT SIMIMArYLyY, 


PérPennicuL Ar 
If we MAKE A coT ThrouGh The Glob Pretttei To The X- AXIS, 
Then Ty Corresponns to The force PeruniT AreA Xe 


tn The x-direction, § INCé The OhvecrT {5 STANDING (au 
There The ToTAL uPPer force FO. So we have a. 
( F, d Areq = 


#6 
INTEGYATING AGHIN Over The hetohT dy 
a dAregn dx =O 
WE STILE GET O. Now we have Tre volume imreorAl =O fer Tir. 
So we comcludé That Tyy {8 The onty source for Gravity ANd There 
\$ MO INTErNAL comTriburion, | Think | hve ProveD This IN GENEVAL. 
Ir iS Possible even Thar The GrAVITATION comsTANT IS VATYING 


with The AG@ of The universe Ih which CASE WE hAVE MORETO Worry 
AbouT. TAT 13, DicKE DOES. His worK IS A GOOPR IdER bEcAuse IT 


iT Check Some of our old Figures MENnoned Froove. Sowhue ft 
Thintt he «(SS wronce § Admire his ConuICTion. 
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For reference what stimulated Feynman's talk and response above 


Dickes Theory 


(scientific AMERICAN 
MARCH 1967) 


if PATT (8%) of The AdVANCE of Mercury's PER UTELION CAN be 
AmRiboted to the ObLATENEgS of The Son, IT with bE NECESSARY 
To MAKe AsPecitic mModiticATION IN THE General Theory of REt- 
ATIVE AS Propased b? EINSTEIN. To EIMSTEIM GrAGITY IS woT A force 
but @: comseguence of The curvaTure of SPACE, Graumy IS AS- 
SOCIATEd WiTR Tre PFESENCE OF A TENSOR FIELD, Which tS The 
MeT¥Vic TenSor Of The RIEMANNIAN GeomeTrY of curved SPAce. 


Dicke Proposed to fidd ft force COMPONENT ASSOCIATED wWiITh A SCALAR 
Field ue. A Freed whieh EACH PomT IM SPACE hAS A SPECITIC Physical 
QUALITY To Which A SINGLE VALUE CAN be ASSIGNEd. IN THIS Theory The 


Advance of Mercury'S PertheLion 1S LESS THAN IN ELASTEINS bY Aboot 
TEN Percent, or bY The factor 1- 48/3 where S IS The Fraction 
of A bodt'S weiehT due to The cALHY INTErACTION. 


As A fesaTof DicKES WORK, he conclLudeS The core oF The SUN MUST 
be roTANNG MUCH faster TWAN The Sun's surface. To Ger The desired 
SLATTENING iT MUST FOTATE ONCE IN AbouT 18 daAYS 


Mactes Principce 
“Wwihei Rh bod’ reTATes cecaTively Tro The fixed STARS KENT TUGAL foaces 
Are Produced; When IT PoTATES CTELATIVELY to same different body aor 
TELATIVE TO The Fixed STARS, NO CENTYIFUGAL Forces fre Produed.” Thar 
1S ,CoTATION of A bady FEIATIVE TO The Tixed- star gysTeEm Is EQuivALENT 
To A feTATION of fixed sTArS AbouT The body, 
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PERTURBATION oF MERCUYY'S ORbDIT - H.Y. Chiu 


ThE rotATION of A SPhere with MAKE IT BULGE IN The cenTEr 


Inorder THAT A SPhere im roTATION bE GYAVITATIONALLY bound, The 


GrAMITATIONAL Force Per UNIT MASS AT A TAdIUS MUST bE @reATER THAN 
The centrifuent force! 


v~ Z GM 
R 7 Re 
V= WR 7 R3w'S GM 
wre GM = (74078) (zn10**) 2 Yo x 10°8 
. (7 x 190") 3 
for Sun 


W 2 6.3 x10 rad /sec 


for The sun To be roTAMONAUY STABLE, For 
The sotar roTRMon Period 


os: tH . 20 = tS K10° rad /sec 
t Ze x109 
we Pre: 
W many So 


The solAr reTATION FREQUENCY 1S NoT Very Much SMALLEr Tham The 


MAXIMUM Freqguence AT which The Sun could rol ATE ANd LTeEnAin 
CrAVITATIONALLY bound. 


EXPANDING The GraviTATIONAL POTENTIAL otf A NON-Symmetric or obtaTe 
obsecT interms of The Lecewdre PalrpNnomials 


(ne) * Poa} +t Pilcose) Pic + °° 
where © 183 defined AS The Potny Anote. 


Such AN obLATE obsecT hAS ITS Perthetion roraTe AT A Frequency 


= 6 R \% 
We * 7 € (=) x C Geometric Al FAcTOR } 
(Trss work 1S ATTYtbyTEn To Brouwer ) 


The Pervhetrow 18 ThE Point ON The orbiT which is ClesesT To The 
ATTRACTION CENTER ANd E = be sthe eccentricity of The EGurrat body 
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The Factors which comtTribure TO The rorATion of Th 
Perthelion of mercury Are AS Cotlows 


Contriburion From Mercury 
Are~ s€coud 

MERcury 0.025 t ov0 
VENUS 277. 8S6 to.e8 

CArth 90.038 £0.08 

MArS 4.3536 % O00 
JUPITER 153.884 t O00 
SATUYN 7.30% 2 0.01 
URANUS o.'4t F 0.00 
NEPTune @. O04 + 6.00 
POON — 


GEWETAL PL ECESSION 


S025.64$ £O.§ 
of Tre EQUINOX See 


TOTAL 5557.1 0.8 
sere rr pserved 5599.7 0.4 
Dif ference 42.6 t 0.9 


The lower vALvEe 42.6- 09 = Yh? woud BE The Fernman Nonbder, 


EINSTEINS Theory of GENerAL RELATIVITY PreonicTS AN AdUANCE IN 
Perihetion iN AddiTIOM To Those duST GIVEN of, 
on GM I 
Reuner RO I-e 
Orbit 
@ 3S The eccentriciry of The PLANETArY OF bit. 


= 43".03 + O01 


a 


Jhe GrAvPTATIONAL Perihelion AdVAMCE may 
We ONX2tx 108 


be wrirren AS 


While The Advance cAlLCulaTen from w' due to The Sun DEING 
ASYMMETKICAL 1S og 
-We = ON XbKIO 'E 


To AccerPT Generac vetalivity Then € ce 1074 Ls eae ae 


RELATIVELY high VALUE of The TOTATION AL frequency, 


So if BDicke ClAIMS TO hAwE Found AN ObLATENESS of 10% he 
1S forced to Absndon GenErAl TELATIVITY TO EXPLAIN This pertur banion, 


From lectures *M TheorericAl 
Prigicg - AsTroPhysics 
And WEAK INTEFACTIONS 
16963 V-% Brandes 
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CHAPTER 10 
ah ld beers an A 
RADIO GALAXIES 


We Mow move To A NEW TOPIC ANd discusst The 
in The UNIVERSE. FirsT WE crete 


ANd Then discuss 


Sources of CAdito GmiSSion 
DBiscusS The current EXPETIMENTAL SITUATION 
SOME Theories Alone with TALK Reboot cosmic rAars. 


UnforTUNATELY our ATMOS Phere 15 OPAQUE TO EVEYYTHING Except Visible 


LiGhT 1.2, ThaAT MinuTe PorNon of The SPECTYUM which our EVES ATE 

Sen Strive Toa. This iS indeed, SoMETAIMG TO be orateful fer And God Did A 
Good Job here. So we dowir have A ClLEAr ‘view ' of These radio TTANSMSS/ONS 
Poet TO ThiS breckK AGE. There Are » however, Some “window “iN The SPecTRum 
Which Allows VS TO Look ThrovGh ANd SEE WhATS GOs ON OUT Tue re. 
ON€ SétCh Window IN The RAdIO WAVE feelon LIES pberween ICMTo 30 2m, 
SmAtcer TrAWSPATENCIES IN The SKY exist AT other WAVELENGTHS foul 4orTUNATEL? 
They Are NOT wipe, OTherwise Wwe could hear Evropenn TAdio bHecayse The 
fonosPhere would be A LEAKY reflécTor, 


So whAT do we see or hear? Where Are The Sources oF rAdio Emission? 


c d 
). First) The sun AcTs AS A NOISY’ Source oF Adio EMISSION, The PATIErNS 
Are Yer? COMPLICATED And Aren't very INTETESTING 
fy, The Moonl; NOT Much To S#Y here 
@). Mars and Jupiter, Jupirer 


IN PATTcOLAY BecAuSE There Are Some 
Very 


IWTEFESTING Thunderstorms Gone on UNdér (Ts ATMosPhere . ree 
TTY to TALK AbouT This CATTEr IN The course, But Thes€ Are sources 
of BLACKbody rfdinMon And reALly ACEN'T INTECEST TO QUT ToPic 


yy. NExT, Thouoh, is The GALAXY ITSELF, This we will devote more TIME TO 
IN A Minute, 


G). Finaity, The ALL INCOMPASSING Group -The EXTrA GALACTIC Sources, 


RETUYNING To The GALAKY There fre A CouPLE ot Toric here That We N&ed TO 
discuss. There Are scaneret® Trrouc hout The GALAXY, SMALL SPLOTches 

Or PoInT SIZE Sources of frAdio EmissiON - White AT The same Time There 
1S A GemErAL bACKGrOUMd YTAdIATION Ushich varies ALL over 
SITY VATIES G@reATEY Which The COLDEST CEGION 
body AT 80°KELUIAC ANd The hoilEST 4 £., in The 


The GALAxY of NEAT 1000° K. IN Addition To Thesé Sources Theré ATE Thermal 
And MON™ Therm AL SOUrCES, Orion {ts A EX Ample of The former ANd The 
YemunnT OF Super movAe LiKe The CrAb NEebuthE for The LATTER. Atso Flare 
STAYS LIKE sotAr OuTbursT oF The sun which send off Pulses of Electro- 
MAGNETIC TAdIATION NAVE bEEN ObSEruED. 


The SKY. The InTEN- 
S$ COrréeS PONdING To A blAcK- 
AYTEA Near The cemTer of 


There dve SPECTYAL LINE Observen 


IN CloodS of hr dro6EeN. These Emission 
AYE DUE To SPIN-fLEPS 


IN The hydrocent ATOMS which CAHN Occur aN ATULALLY. 
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SPECIAL UNPREPARED TALK ON The LumPiIMess 
OF The UNIVERSE 
...or where does does the anisotrophic (I.e. Lumpiness) come from? 
This Topic WAS iBrOUCKT by OME of The ATTENDEE br eQUEST oF FERN MAN 
Who his been AAVING Trouble LEANING AbouT SYnchroTron rhdidTIONn. 
Se off ON A TANGENT — BuT A VElY INTELFESTING ON -— WE CO. 


The Question WAS RrooehT up w feeArdS To A SPecrAL Lecture AT CAL T&h 
IN Which The Lumpiness PropTertign of The omVErSE 1.£, The clustErine 
OF GALAXIES CAN be CONNECTED wiTn A CosmolocicAl Theory, If The 
UNIVECSE sw IS LumPY Now, WAS IT LUMPY DuriNG The Rie Bane If IM fei, 
Mere WAS A Rie RAwe? Will iT eT More LUMIPL AS TIME Goes on? 


To Beem worth AU Models of The universe 8€Em TO AGrEE on ONE PONT - 
Jome Time IM The PAST The YNIVErSE WAS closer WoeTher ANd IT 1S 
CUrVYENTLY SPFEAdINC OUT, WE AccEPTED The Cosmotoeical ASSUMPTION ThAT 
The universe 18 Fairly coOmSMNT So THAT if we were A Thoushnd liehT 
Years from here we wovld See The SHAME THINGS > dusT, STATS, GALAALES, 
WrOro Ge N, hetium, eTC. Simce Then we DiScuSS€n The wAY STATS Gener ATE 
Né&w> ELEMENTS by STATNNG with yosT A MASS of GAS. Te PvEsTION AAriS es 
AS TO WhAT The Mi\aTUre WAS AT The TME OF CrEATION (USING That Word 
Carefully} To G1vE The currenT diStribunon of hydrocen, heLigm , eTc. 
Just To ASSUME AN ExPAWDING UNIVETSE ModeL Does NOT NEcessArtY Fix The 
INITTAL Mixture bEecHUSE OF ALL The nuclerY reAc DONS, S~ Processes, ETC 
whch we RAVE MenNoweo And which @Aal Chance The ConsTiTUTIOM of 
The vueverse Ail The TIME, WE could MAKE A FATer aenficiAl ASSum pron — 
IN The Beowaino There WAS hedrocen bot TS IS NOT A well-founded 
ASSUMPNON ALTMoueh IT MiehT bE TYE. 


The problem we FACE Then 1S WhAT ASSYMpPTON BO WE SMT with? [fwe 
@o Alone wiTh The MAJority ANd ASSUME BVErtTING WAS More TIChTLY 
PACKED To ceTher IM The PAST, WHAT CAN WE SAY? The rem DifbicurTy 15 
ThAT We cAN only DACK MATETIAL SO TIGHT ThaT iT will Eventufery 
EXPLobe. WhAT Occurs before ThAT POINT ts The refnl QueSTION. The 
ONLY SAFE ASSUMPTION IS Then TRAT We somusT STAT wITh AN ASSUMPTION. 
ALriohT , WE'VE DOUHLE “TALKED ENOUGH! ueT Ss Assume Thal we CAn STYrT 
wiTh homocenéouS Mixture AT Some very hiok TemPperrure T, 
GoInG furTher BACK IN Time OMty TAISES ThaT Temperature, WE CAN 
DIAGFAMATIC ALLY réprésenT This im The followin wry: | 


Tine of bie BANG 


RECWNS oF 
CONSTRAT Temper arure 
T, < Te , 4 T3 


TRAIEIONES 


iM 


This homo GeweiTY ALLOWS us Ta UNdEersTHNd The ExpandiINe rAdiAnoON 
AS Thar From A bLACK Body Source, AT ANY GIVEN INSTAATWE CAN opecify 
The fellowiInG Three CondiNons: 


TEmPErATUre | Number of MUCLEONS whaT The NEYTTON vation 45 
Per ac. : PROTON 


IF we Know The firgsr two NumbecrS we could cAtcuLATE THe POINT 
oF ThermodyMAmiC EQuliBRium before The Temperature Goes Too low, 
Lg. ATER EXPANSION STARTS. So LETS Suppose AT TeEmMPErATULE Ty 

The Goop IS IN ThErMAL SQ EQuUILIGCIUM, AS EXPANSION ProGresses The 
MixTuré Cools And LUMPS form. But The real BeaoTY of This Picture 1S 
THAT we KNow The TemPperaATure ANd density of WEUTYONS WE CAN FInd 
OUT how MUCH Hydrogen ANd HEtiUM There WAS, From A CALCULATION OF 
Tris Kind (T has been found That The rato of hyDrocew TO helium 1s 
ot The order of to- Yo %o 


Hz 2O-Go%m = INITIALLY 
He 


Ths intTIAt Connition IS*eoon AGreememT or PorputATIon IF STARS; TRIS WE 
have checKken wiTh The RR LYrMe VAPLADLE STARS. The A@réemenT tor 
other Elements Such As CArbon, NiTrocen, ANd OKRYCEN (1S NOT so Good 
TauT These CONCENTYATNION ATE EnsILY ALTErTED be Nucrepr FCACTIONS. 

For MosT ASTTONOMETS A 30% comcenTrANION FATIO IS FIN€-ExcePr 

For Some SMALL BLve STATS Which displAX A SPEecTrA trom Their ATMOS Phere 
which hASM'T ANY herium. The succesnon hans been made Thar This 15 

bo To A GYAVITATIONAL SENLENG OvT of heLLUM BUT TuiS Seems wrone, 
However, intuitom 15 NOT ALWATS The BEST GolDe When Discussine The 

Site AND TIME PEMODS INVOLUCD, 


There AtiSES A PLOBLEM When TYYING TO WOrK with The Three QuAnriFses 
EnumerATED Abowe. That beime The PossibiciY of PAITS EXISTING IN 
EQUILIBRIVM IN The suPer coop, BY PAITS WE MEAN POSITTON ~ELECTYON , 
N€uUTYINO - ANTINEUTMING ETC. Thos we HAVE The TWO WAY BETA decay 
N + Vv <> Pte 
Which shows More cléenrty TnwaT N/p is NoT such A Goon FANO To 
pick SINCE EXCesSES oF VY or © Would TENd TO Prive The reAcTion 
IN The ChATACTETISTIC derecTION. More fumoamenTAL Then would be To 
CALCULATE The number or Barvons Per CC And how many ® LEPTONS 
TO ANTI-LEPTONS There ACE, Where BArYONS ACE The CLASS of Particles 
CONSISTING of NUCLEONS AND WyPERONS ( UNSTABLE PARTICLES coiTh MASS 2,181 
Times THAT of AN ELECTRON), And The cenerte Terms LepToms ANd ANTI-4EPTONS 


Febuce Are vsep For muons, ELECTrONS, MU NELTTIMOS, GLECTTON NEUTPINOS 


ANd Their ANT- PARTICLES. 


Is 


So our new QUANTITIES ATE 


Tenperarure, Number of Barrows rano of LEPTONS 
Per Gc , Ants -LepTONS 


The LATE TATIO beING EQUAL When The Number of electrons = The NUM ber 
of PoSiTYONS And The Sang For NEeTTINOS ANd ANTI- NeueTINOS, ForrumaTéty 
Tnere exists ANuUMber BATONS over ANTI“ RATYONS i.e, Mee leause @ier 
ANTI- NUCLEONS, FOrTUNATELY, WAT 15, becAuSe IF IT Were The O8Ther Wary 
There would wT be ANY MATTEr tn The Universe, JoST PropAGATING lie nT! 
Thus we realize ANoTNer FUNDAMENTAL MIFACLE OF DESIOM. Tlamnt 


Therefore , IT ts The chores jrumber of LEPTONS which deTermines The 
rano M/P. \f The number of LePpTows = Nunber oF ANTI-LEPTONS WE ocT 
The %o-40%o ttouve. 


WELL, GeTTING BACK TO The LUM PINESS PPOhLEM SUPPOSE ONE FEGION ON The 
Eboe of This PrimordiAL bALL cools A LITLE FASTEr TnaT The Surroundine 
Junk. THen GLObULAY PEGIOMS Wourd form And become more dense. The resuct 
beING A lower expansion rare. Since GrAviTY would Tend TO MARONIFY These 
LUMPS WE ExpecT The UNIVErSE TO bE more LumPY TODAY, ONE o+ The Problems 
we- Are confrowTéD wilh here ts how To deTermine The GALAXY SIze And 
whether or NOT There 1s A LUMPINESS AT ALL. WE hrven'lr ANALYZED The 
PhenomemA OF GAS GONRENSATION very WELL. Lf The oas Never becomes 
UNSTABLE GALAKIES Would Never fern, What is NecessATY IS eNOUGh Noise 
or bacKerousd FLUCTUATION TO DisTwrh This EXPANSION FINd CAUSE GraviTinowAl 
Condems ATION To began. Whue The Specdt moise pairern MiehT deTerming The 


Form of condensation IT DOES NOT fix The site And Character of The 
TESULTING MASSES. 


AN ANALOGY 19 A WATErFALL IN Which WE look UP AT ANd Watch The 
WATEr comING over. Before The édoe of The cliff rhe iminar 
CONDITIONS CAN be WELL STATED AS TO Flow VELOCITY, dePTh of warer, ETc. 
AS The warer STAYTS over The Break POINT 


NOISE 
NASE 1S GENET ATED Which CVENTUALLY Breaks uaa eener are D 
And shakes ¥€ The smooth Flow UP INTO A Lensinene 
Globuifr flow And finaltY A Mist. IF WE were TO KMous 6 
ASK Pee What The chances Are OF havING A 
PATTICLOY drop ENd UP ON Our NOSE GIVEN ITS cons tnd 
INITIAL CONGITION WE IMMEDIATELY FEALLEED The a 


inter MedtATE Noise hAS LIME TO DO WIHhA PArNcurar 
DIOP LANDING oN us, So Even SpEcifyimo The INITIAL 
CONDITIONS Would MOT Clenmrly Define The ANSWEF AS TO 
how The Current Structure of The umver Se, SAY, GOT From The 
PAST, 
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As The TemPerat ure Cools ANd The heLium FeACTIOM octurs wiTh high 
Enerey GAMMA TAYS beime EmiTed 4. z,, 


¥ 
He <— > @nt2p 


There 15 A Specific CoNCeWTYATMION AT EQUILIBTIUM, 
[He] a ~ Eheim ~ E4 wocreous 
7 ART 


CN] Cp]* 
THis EXAMPLE BreAKS Down AT LOW TEemPerArures but for EQuili Brive 
There 1S Pure helium AT Zero deorees . Which ad¢tTer EXPANSION | 
Freetes helium iN ITS OFlGiNAL PROPOFTIONS. ALSO, There 1s A V-TAY 


DECOUPLING OCCUTING AS The MATErIAL becomes TYrANSPRreNT TO These 
w-vnys, (note: if This SecTON 1S confusine TOYOU, ITS BecHUSE MI WAS 


Sonfusing To Med. 


1S The Unverse OSTILLATING ?@ 


Another ‘iNTETESTING QUESTION INVOLVES The OSCILLATING UNIVEISE ANd 
wheTher iT witt Ever END ,hz., DAMP ITSELF OUT, A Fellow NAMED TOLMAN 
believes bechuse entropy iS ALWAYS INCTEASING The Adis As AFeNCTON 
of Time stows A KINEMATIC DEPENDENCE. TRoT Inf acT, The radius of The 
UNIVErsSe 1S deTermumeD by relANuity ANd | vWoold evess (IT Would Slow 
UP ANd EVENTUALLY STOP OSCILLATING, IT seems That The radiation Dis- 
SUPATION FollLowint@ COMPYESSION IS A d¥NRMIC CONdITION LiKe A PISTON 


Pushing ON Some @AS,NOT A KINEMATIC ONE RAS ToLMAN DELIEVES. 
The problem INVOLVES AN irre VErStbt€ Process Where ENEFeY CONSEr- 


VATION ‘Ddboes MOT hold. Consider The Brdin -TERSeR For Sophomer€ 
Physics studewTS oF The chAIM Droppine ON A FeRIN TABLE, WhAT Is 
The force om The TAbLE Due To The PEFioDig POUNDING MOTION ot the 
Chain LINKS AS They successively hiT The TABLE AN LMPATT A SMALL 
AmouNT Of Momentum TO IT, if The ChAIN Drops wiTh VELocITY VIM 
Aorawtt Free recto, har ts The resulTING Speed of The Trbre? 
AS WE HENTNONED ENErGY CONSEY VATION DOES NOT Work pbecauSe “The LINKS 
bounce back A LITTLE OF ANd Tig AcNOM MUST be conus derede 


A picture of Our OSCILLATING MODEL MiehT LOOK LIKE: 


fest 
Bie BANG 


Bie me) 
ot hicher order 
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Wé CONCLUDE of TeAsSonw, The Motion of The rADius NEED NOT be SMOOTH, 
GrAVITY CAN ACT To CAuSé NOISE ANd DISTUrb The GAS. AS The wAveES 
ProPAGATE Throveh The Media, Local -AreAS of CONDENSATION CAN res ULT 
Which AcT AS COLLECTING Sewrers, AfTer The ftiest or Primary [16 
TSANG The WhELEe SYSTEM courd become SHAKY, Spurious GrAviITATIONAL 
WAVE YIbRATIONS Stir UP The meniA find AS TIME Prooress slow VNCOUPLE 
“With mater, That 15, To DAY GraAVITY wives PENETCATE TiGhKT Throuch 
MATTEL. However, The exact PoIT IM TIME When LiehT ANd GrAviIT? becomes 


decooPLED NEED MOT ComnNcide. 


The CosnolocicAt Mirror 
We hAVE Mewronen before A ver’ NITY ANALosY foR umdersTANd The 
Complex PhenememA Occurrme IN The Universe. It 1s EASY TO GeT LosT 
IN The Phvsicest UNderLYING The UNIVErSE. Such AreAS of interest of 
RELATIVITY, MeTric TENSORS , ochwaArzechild sineulAriTY, GFAVITONS, ANTI“ NeUTrINOS, 
NocleAr FEACTIONS, TACIATION PrePAGATION €Ft, ETC, become G@ TANGLE MESS 
INNO TIME AT ALL. 


Lets mAKEe use oF our homoceneous Moget of The universe ANd See 
WhAT We Cm Do WITh IT, FirsT AS we fecAll, 1f We @e WENT OUT 

To A NEAT-BY GALAXY AND ‘PASTED fA Mifror on IT, The Nuomber of 
PATTICLES incident ON ElTher Side would STYMmslicatLy be The same, 
Ale Riekt Then, leTS NOT GO OoT Too fr sAY To A radius of TEN 
Nébulfr UmTS. BY This we SirmPLryYy MEAM' Tew Times The Rvuer AGE SPACENG 
Between Nebul#e. Pul A or€AT Bio sPhericnl mirroR There, 


WhaT we have im EffecT 15 SomeThING Like The prawine 
here - with A LITLE IMAGINATION Add To PuT IK IN Four 
DIMENS IONS. 


Time 


BY NOT ATTEMPTING To TAKE SUCh A MONSTBrously LAtee 
VoluMEe The relativistic effects of GrAvITY CAM be 
IGNOYED, However , AS WE recnileD for A SimicAr 
Areument for A sphere of mMATIEr And ASKED wWhaT 
Whppens ANd SAid we could ionore The sTutt ovrsid € The 
bound Ary, whaTs inside MusT be considered. So we sTne 
Must EXAMINE The GrAviITATON AL WAVES 2IPPING AbouT 
bul YeALitime relATiIUIsIC EftecTS become Smale) 


14S 


BY Thus MAKING Curvaraure AN UMIMPoOrTANT PArt of Our UNdersTANdING 
of WhAT GOES ON INSid& The Sphere we cAN resort TO A NewTONiAN eEx- 
PLANATION of The SYSTEM. ONE WE ASSUME A hOmMocencous Mixture Of JUNK, 
The entir€ history of ThaT MATErIAL 15 reflected tm WhAT c@harPrens 

INSide The SPhere. it (5S (mPorTANT To fixe The bouwnAry condiNons of The 


Pressure AT The WALL 2. Does The Pressure inside ExErt AN ACCELETATING 


‘ 
force Te The WALL To CHOSE EXPANSION? The ANSwEer beiInG-Yes buT becAuse 
ot The FINITE MEChANICAL DENSITY INSIDE The €x PANSION CANNOT ProceED 


AT AN INftimiTE PATE. 


in This wht we hAVE ComPressem The Wwhot€ UNdersTANdING of The universe 

To fA SIMPLE ANd workAble ANALoer of The waTUre of A hoT GAS IN A boa, 

CVE some of The hot oAs blowing Around ih COSMOLOGICAL Circles Would be 

DPiverTed To A uTMItED Purpose of under sTfndinie This SimpLe CASE, perhars 


we would understand More tbouT where we CAme from And howd. 
BY cAvefutty exAminine The in homogeneities which occur IM The ExpAHSiont 
we Shovid be Led to A dbeTTer & KNOWLEDGE ot The universe, 


Since The Pressure ANd votume of The @AS ATE TELATED by The SimPre LAW 


pv © = constant 
we find Thar 
Temperature ~ V **! 
For A ProTOoN GAS X = %3 So The TemperAture Goes AS '/Lenuth of A 
Sitd&, Simete Es Ouch. For intersTectAr GAS A Good svess for T IS 5/3. 


So Thai 


-¥tl a 
Tr = Vi ‘ = Ve ° 
T ore v3 


‘ 


To see how Geod This APPTOKIMATION 18 AT The CArfh LaAdiANON density IS 
Grivem AS AbouT 300°. For A STAr AT The disrAnce oF ONE LiohT YEAR or 37 
SEC will e—eauts- Which gers Tne btehT From Our Suv Which tT SEES 

AS A bLAcK body AT Temperature T EMITTING A densiTe of LIChKT ~T4 The 


Pourer GotS AS V2 The radws to IT, From which Yeasonine Fern ty! 


1° 


éstmates About A thdiatyon density, 
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Radio Emission 


WE WANT To TALK More TechnicAtty AbouT The ACTUAL Sources Aud Orton 


Ot TAdio EMISSION. WE WILL fipsT discuss briefly ThermAt or biackbody 


EMISSION ANd More Exrensivety Sychrotron rADIATION, 


FROM Thermar Sources LIKE OTION NEDULAE The sPectrum of LiohT emumTedD 


haAS The Distribution Vdv 


Corresponding! To ArTvidv. Instead of Flux umits we ASSOCIATE A TEN PErATOFE 
THAT The ANTENNA “Sees” WiTh The FAdtATION, |f we PLOT The LocariThm of 


. AT bow Frequeucies we cer A distribuTion 


Power Per UNIT FrEQUENCY Wersus FrEeQuENcY, we Get The fellowiNe char- 
AGTENSTic curve; 


ie (Power 
rery) 


Frequenquency Y —> 


The expr ANATIons of The shape of The curve ISThAT The @@S CAN boTh 
CAdiare And Gbsorb. Since There ATE A Lot of ELECTTONS VUNNING Afound 
which ATE ACCELEFATED The? NATUTALLY Emit ric ANON. The flosorPTion Cross 
Section Per ATONY TIMES The Number of ATOM EQUALS ONE OUEer The menn Hee 
Path. [F The maternal is Mant mean free PATHS Lome , sav L j-which 
Correspowds TO The opticAl depth PB (TAU). Where we dewore The OpTicat 


depth To henmm The Number of dbsorbeR wAVELENOTHS The Twines dceP. 


Whar haAPPENS for pifternent &'S? 1f &€ ~ oo , Them the r AD ATION from 
The WAL tS) PropornoMAL to ATV'd),18, The GAS AT TemPErAtuce T emiTTs 


LiKe A bincKbody. for Fiutte % The Brack Rody vAdiaTtion is reduce? by 
AN AmMoumT et us, 


-# 
RT vedy Ci-e") 
Follouink. This Suriker we CAN define A source TemPerAture which 1S wot 


TEALLY AL TEMPErATUFE AT ALL bur PATher units of STreweTns ot Ee MISSION, 
As &@funcriow of The ELecTrgN PATA Temperature (2) 


Ts Tea (t- e7*) 
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Our IMMEDIATE ProbLim IS To find oor whaT & 1S. To Do This Wwe wANT 
To DETETMINE hew much EMISSION COmES Srom A ver’ Tain LAYer of CAS, 


AFTEY THAT CALCULATED we CAN Thm Find ALL A Tick LAE The 
EMISSEON tN TnIS SMALL LAY Er 18S Thus Gives by 


AT vidv LAt] 
In order To sPEctfiCALLY CALCULATE how much AT There is for A GIVEN 
AMOUNT OF MATERIAL WE MUST CALCULATE The ADSORPTION CoEHICIENTL 


bY VSING The €mMiSsION PhenouenA, Remember WE TALKED filoouT A SimnAar 
ProcesS When Discussine OPACITY EINSTEIN coetficiewTS, Erc. 


Whi Does The ELectTron GMI AMI ATION. For our discussion CLASSICAL Theory wilt 
suffice, WE ASSUME A COULOMb POTENTIAL IN which A MOVING ChARGE 
iS ACcCeler ATED bY The ATIFACTION INTO A PAYA holic OrbiT; 


{ 
Fesion of ACEELEFATION 


te 
ClLecT TON 


We CAN GeT AN ANSWeEr which Is fbouol 95%o rGhT bY A SimPLitied 
case of The Above ACCELEFATION. If The charce Ze ANd elecTTon Are So TAR 
AWAY THAT The Path of Me Clectron TEMAINS ESSENTIALLY A STRAIOWT LINE. 
if we ASSUME A SEPARATION DISTANCE of b for The PomT of mininum 


A@proAch Then The ACCELEFATION CAN bE GIVEN AS 


2 ter 
bm b b 
ip b 
ze 
The. rATE of ACCELEr ATION Of The CHARGE ts GIVEN by 

z a Nts 

rare of cAdiATION = ge g*= te ( #5 ) 

In, UNITS of ENErory/ SEC 3c3 3¢*\ bm 


ASSUMING The MAJOR ACCELEYATION OCCUFS with A @b Diameter of The 


PowT of MALINVM ACCELEFATION, The Time of COLLISION Is GIVEN by 
Tine = %b : 


“ds 


Vous. Vorew 
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GAUSSIAN LIKE VAdI ATION curve Around 


The ACELETATION Then cAuses A 
Since The Frequency 


Ths mAx IMUM POINT VE, , it forms A LITTLE bump. 
of EMISSION Is wversetY Pro PORTIONAL To The TIME oF EMISSION WE Find 


adb - av —> dv= Uv db 
Ww évr Ab* 


The GMISSion OccurtiNne IN d¥v EQUALS The Probability ab of b beino iw 


db times The €neroy EmMIMED 1.6. The ATeA which hAS To be iT 
Enerey in OY = anbdboy| Sb, e¢ z* | = eue* 2° dy 


We Are TYYING TO GET The sPecraum INdePENSENT of VY The frequency. Toe vo 
TWWS WE Will hAvVE @ To Go further, ACTUALLY The NuUMber of cocliSions Per 
S€cq Per UNIT wolume Per dy tS @ivenw AS A function of electrom ton 
NunbersS And electron VevociTy 

Mo. COLLISIONS Per Sec = Nev Nun Ue, HMbdb 


For néurrat maATerste Niow* 2 = Nec. And we oer 


Qneray indy _ Ne e zdv 
Sec- vot m*e3 uw 
ReAlitinw© ThAT MANY BLecTrONS have di HerenT Velocities Wwe AvErAce 


To Give A MNEAN VeLocITY T 
ae: {EE 


WhaT Tris Whol€ ThiMe 18 ALL Aboot 18) THAT | AM TYYING To UNdersTANd 
ty Found in The Keaus Book, bé, 


The Absorpnon coeficienT for &=! 
a a 4 <i 
Kz 28x10 3N Tea v Ciser fn(T Zy) | 
Cub meTEr 
We WANT To comPAre This to kTytdyL At] where At=K AX. 


Iv ts PoSsibte TheN TO EQUATE Our ENETGY EMISSIONR Formuihe ANd SoLve 


for Ko hope tut ly, GET Some THING Like The Above, 1, 


Accofdine To Ferman! 
an kiv'dd X= Neg e%@ dy 
(ai )3 mic3 y 


either Tus 6s COPIED LOfoNo& OF ELSE IT 1S NOT IMMEDIATELY OBVIOUS 


whar WK iS). 
IN FACT, wee Arem'T Quite Throuoh, 
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IM pur CASE The freQuency CANNOT @o too high oretse b&b certs 
So SMALL Thar The whot€ Thine 1S No GooD ANY MoRE, WE CAN, 
however, CALCULATE The minimum b& TS GIVE US The MAK IMUM freq uemer 
RY EQUATENG KINETIC And POTENTIAL ENEroy AT bwin, 


g ART a ee —? AT s 4 
bmin ter b mint 
but be UW or >_ 
uv Vinx ct bwin 


Zte* 
RecALine we Jar We oeT™ A CharacrernsTic cut-off PoInT ay. 
Mm 


Te 
Low evik off = Y 
Tle 


Whil€ A UPPer cuTt off resuiTS From A bmay @l4vENW by The Shietdinie 
distance of The Neucievs 


Diag . _AT \"* 


4ne*Nn 
There fore 
Vent = a = of [At anew | 41re*N Yu 
2 bm nx tm { ee pare 


Which A tew michT rEcooMIte AS The PLASMA LreQuEeNcy Wer. So 
Our APPFOX IMATION {tSN'T~ ANY Good below The PLASMA Frequency. 


For A TYPICAL TYPICAL BecAvSe EvervomMe hAS Acreed TO ACCEPT IT AS 
TYPICAL, GAS Tep= 104 °K we cet V~ 103Me so That The 
LooAriibe mm The EGQUANON For Ko is AlouT —2 ANd Thus 19.8-7~ 12.8, 
So 4wALLY we cAN deTermine KK, ANd fr mMosr mMATErIALS This OPTICAL 
DEPTH Then der depends On Yye " 


Finaucy Then for A @iven Thickness of GAS FADIATION GoES AS 


at 
vicl-e) dy 
For low waives of Y we cet AN OPTICALLY Thick medi fy i.e, TADIATION ~ 


vidy, White APhioh freQuenc me 1ES IT Gocs AS A ConsTANT Times dv. 
See ouv Previous Stheram for OTION. The fereemenT ISPrETY Goon, 
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It 1S INTEREST ING To Look A LIMLE moRE clostty AT The Cuvue we 
1g gTreTched To iT TheoreticAyL PREDICNON. 


Re Power 


some 3oome. 


Jooorc 


F (EQ UENCY 


Vl h aT 


Power S$Pectryum 


for Orion 


WAPPENS AT POINT 2 15 SOME WhAT Confusing? whi Does IT DIP be lOw 


POINT \? WE CAN MENTION Thouch | The fLATENESS IS BOE To The 
INCYEASING TYANSPATENCY. WE CAN ereet# ESTIMATE The ELECTION DENSITY 
KNowINe The TemPerATUrE, SAY 104 And Thickness AS Observed br The 


TELESCOPE. From such CALCOLATIONS ther 


ThousAnd Pert 
From This deNsiTY we 


Arrive AT A fteure of A Few 
Co NEAR The CENTER To AbooT TEN Per EC. AT The €deoc. 
ett YAO EMISSIONS 


As A ShorT PhitosoPA:c AL ASIDE IN re@ATdS To The Qvuesrion oo) EXPLAINING 


That curve Above, IT SCEMS ThAT Ph*Sics CAhsye—Sfup—ro IS A PerpeTuAl 
DISCUSSION JNVOLVING The MOST UNYELIADLG POINTS. 


To MORE or LESS, WAP This SECTION UP WE LIST Some SUPEr MOVAE FOMMANTS 
GIVING come Of The ASTroNomiICAL DATA COLLECTED 


Fuux 
oblecT 16° awATS 
Cwm? CHS 
CA SS!tOPEA A ly 
PUPPIS A i 
CRA I 
nb ail ‘S5 
IC 443 23 
CYGNUS 33 
TY chosS SN 13 
ey 
KEPLERS 083 


AW These stars Aré TrANSPATENT 


t See 


t78 
too 


1000 


100 


Anda 


DisTANCE TrPE foe speciyn, AV 
par-sec SMSC PRS. index y y* 
3:43 O 265 = 
t.l3 i — 27 
ake: { qn an 
2. Il — _ 
= - — -28 
723 ag $0,000 Mites 
ne I 393 it 
'3 Tr 361 7 


emt A litte 


LI@OhT, 


eassiopen A is The STYoONGesT source IN The Sky, OuT SKE OF The SUN. 
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CHAPTEFS || 


os re 
Theory of SvchroTrom “RAdIATION 
(SEE LECTUTES OM PhYSICcS VoL L  FeymnAN) 


To Béwin DiscuSSiING The Theort of EMISSION WE SeecK To find The 8s PEecTral 
Distribution of AN OBJECT GOING Afound IM A CircLé. To ACCOMPLISH This 
WE MUST SOLVE MAX WELL'S EQUATIONS buT The QUESTION IS Where To STAIT. 


The ELectric fierd Pronuceo by A moyine charee seen from Sar Awny 
MAS TLeO COMPONENTS ONE GOING As one over ThAT DISTANCE SQuArEe AND 
The OThEY GOING AS ONE Over The DISTANCE. If we cer far Enoueh AWAY 
tyom The chArce, The LAST dying Piece tSfaving AS ‘UR. PhrsécAlly Then The 
ArrudNoN 18 EASY TO DESCribe, 


IMAGINE The, Electron CANES A LITLE LighT which has No opPier Shiftine, 
Let's PAINT A Picture of how IT Looks To US. AS our BoT moves ATOUND, The #C- 
CELETATION of The iMAGe POINT Then €QUAIS The StrencTh of The fied. if we Are 
LOOKING DifecttY IN The DITECTION TOTATION ,ké., we Look AT The EBLE of A hoop 
And CAN'T TelL ITS A CIFCLE WhaAT Do we SEE? To US The ELECTYON APPEATS TO 
Mové TowArps us ANd Then AWAY. IF WE TUT The Piane of The Circlt€ So WE 
Look AT AN Ancle we im fact, S€e AN ELLIPSE. To US (TAS Like The charee 
GSES SLOW COMING TOowAYDS US OCloNG The Rormom of The civeie ANd Theat 
©OCS LIKE MAD Over The Top - ThiNK of A Totty - COASTER. The TremenpouS 
AcceL€ranous Are simitAR, The reASonN Wwe See This VATIATION IN MOTION 


INDOLVES The reTATded TIME INVOLVE pM TECEIUIAG The SIONALS. This we MOST 
Go INTO more DEEPLY. 


IMAGINE The fotlOwiInNG Picture: 
xX 


t 


if The Drrectiow of ob SEv VATION from AN Observer AT POINT P iS JdenoTEN 


oN é. IN SPhericAL coOorD INNATE, Then elecTrODYVMAMICS SAYS AR Moving chArce 
Provuces AN ELECTRIc FIELD GIVEN bY 


cel : ~ 
E = -€ 4d er 
c* dt‘ 

IMAGING A PLANE SomE UNIT DISTANCE from The EYE where The coordinates 
IN TWAT SPoT ATE GIVEN by 

X(t) , Yt) 
AS we See 17, 
To wmerermingé The Ex' And Ey’ Evectric FiecD cOMPONENTS we musT 


tye 
DeTEV MIN EC Boi TT a*x! Ey cae JY 
etRo dt t etRo dt* 


where Ro iS The DisTANCE TO The Source. 
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We MoST he véry caretul To SPEAK AbouT The 


CorrecT TIME TELATIONS hiPs 
because T tS very 


(IMPORTANT IN DeETErMINING WhAT we See. We ShALL 
DENOTE The Profer Time of The €miSSION, 1.&., The PoInT The chAroee SPITS ovT 
iTS YAGIATION AS VCTAU). AT The moment % The compovents of The charces 
POSITIOAL ATE Given DY xCV) WE ANd BEE), So we MusT CONNECT our 
time of observvATION T WITh The MOMENT of Emission © ANd when WE DO 
So The component Z(#) po€s ame: Effect The retard ATION, The Delay IM 
TIME Occurs OVER The DISTANCE Ro Which means A Time of Rofe To 
Get The LIGhT from PoinT © TO POINTP bul This ISN'T TOO INTELESTING 
becAuse IT gust ShiIFTS The often of t br A CONSTANT. The tm PorTANT 
CONTYibuTIoN comes if Z2(¥) ts A LiTrLe ffAvTher beYond O° So The Time 
DELAY For The SIONAL Torefth O IS ZE)/e. PROPERLY Then ,- we have 


t= + Ko, 2¢4) 
c rd 
ANS rememberite we ATE im The PLANE OF MOTION 
xP) = xc) And Y'(t) = YC?) 
FINALY DROPPING Rofo And WorkING IN UneTs of C=! 
t> Ut £4) 


To work our The APPARENT MOTION OF The ELEcTYON We See from our 


EQUATION TnaT t¥ The MOTION of The cLecTTON {IS CirculLAR Then The 
APPArent MOTION 1S fA TYANSLATION ALONG our LINE of StehT A Distance 
CE, What we “see” Then is Am curve cALLED A hYPOCXCLOID with cuss 
OccuerinG Whew iT APPEAYS THAT The chfroe 18 Moving TowntdsS US. 


ct 


z 
So our Picture TebuceS TO A MAChHINERGUN Spravine out bulleTS tal 
ALL DiTecTION buT WE GeT IT IWOrSE When They ATE Comtm6é PIGKT AT 
us! ThaT ts, The Erectyic fietd APPEATS TO PursATE onNLY whew The 
ChAfGe Moves TowArdS us, WE See IT OVER A LONG Period of :TS Tine 


im A Shorter Period of our Time dv€ Te This reTArdATION. The net 
resulT tS A COMPFESSIQN IND TIME, 


FROM HERE We WANT To ESTABLISH how much lbteht ENErGy There 


IS IM The LighT; where The eweray 13 ProPorTIONAL To E*. For simPucity 


we will work WiTh ONE PULSE IN which The TOTAL ENEroer 1S 


§ dt &* 


— 


4fi 


153 


WE wANT To tind The Founer TRANSForm of This EQUATION, Lc., 


duo Ew) 
au 4 


where Etw) sy eit) eft de 


For circular MoTION And obServATions TAKEN Faom THAT PLANE The POWwEr 
e rt z 
pen dW 1s + [Eww] = wt [ I xen + lYcw) \* | 
Zi au 4ii 


Where we hAVE TO SPEfy The Two PIRECTIONS Of POLARIZATION. 
IWhiTh The moTION IN The %,2 PLANE ANd vdetininge ¥=0 To bE The PoInT 
AT which The vad ATION IS SPIT out .é., AT The ToP of The circre, 


Xc#)= Aeosyvt 
Yit) =o 
Zit)= asinvt 


where @ is The rAdius ANd ¥ The frequency AnoulAY verity, 


Se we Then have 
x'(t) = acos vt 
And t= Btrasmye > dt =dtlitavesvt) 


The fourier TY ANSF orm of Xt) bene 


twt 
xCwr= Fe xctdt 
SUBSTITUTING , 


Kiwi < iw( tt asinyt) 
wag f € acosvt dtlitavcosyt) 


The €xACT SOLUTION to This INTEGIAL | which CONTAINS The Side band ot The 
Fre Quency MODULATION , (5 UEry pifficull To GET AND INVOLVES Besser FuNcTIOn,S, 
NoTICING, howéveR, THAT The differenriat 1s That of The Exponent we 
TRY INTE CraATING by PARTS 

cwitta simvet) 


BEE, “Bes eee he dv = dtctravcosvti 
du -avsinvTl dP? ace fe Cwlttas mvt) 
cw 
ww (tta Swoltasiny &) 
xcw) = a cosvt ate ve [ve asinve dt 
au jw 


since Qeosyvt 01, After one CYCLE AT COTS OUT we have 


X(w) = ( qi EF asin ye) 


asinve? dt 
Which we coud hAVE ObTAINED be differenTIATING WITh VESPECT To “a” 
d . 
Leys AV 2Wit t asinvt) ve" 


(cw)* ) da 
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WE WON'T WoRK ouT The opPosite Fourier TTANSTORM RichT now but iT tS 


~ ave d . ~fws (P= aASINVE) | 
Xow Oe ‘| J e dv 


Omtet GET A MAJOR CONTRIBUTION During AVERY ShovT moment, 
The INTEGrAL CAN bé APProxIMATED oy 


. 3 3 
~Cwll-avi% - Cwav # 
Je c 


Since we 


d# 
Remember we GRE LIMITING OUFSELVES Te ONE PULSE OThHerwise WE would 
GET IN TrouUbLE with biharmoncs, 


In Our ConStderATION The velociTY of The ELECTRUN About The center 
iS Close To The Speed of LIGhT or 


avr C 
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SYNChYOTRON Radi ATION 


LAST Time we were TRING To Sind ouT What The Frequency sreecTRum 
of RAMIATION EMITTED Be A RelATIISTIC ChArGED PAYTICLE tM INSTAN- 
TANEOUSLY CIYCULAT MOTION IS, TODAY | UAT TO TRY TO deveroPe The sfne 
EQUATION fer The Enero? distribemom tu A oifterenT wt, We will STAYT 
wiTh CLASSICAL ELECTTODYNAMICS 1.2. , MAXWELL'S EQUATIONS ;usé A LITLE Known 
property of Vectors And Siwar emeioy fourier TrANSforms To GO INTO The K- SPAce 
CEpre SENTATION. 


The Foor MAXWELL EQUATIONS ATE 


V-E= Pe, (2) 
V°B = Oo (ia 
VxXE =-9B fat cid) 
XBu3& - fj 

ves an di pro (iv) 


Now we use ThAT ANY VECTOR IN GENERAL CAN be wriiTEN ASThe sum of 
wo PAYTS ~ A LONGITUdINAL ANd TRANSVERSE ONE, LE. LET A denoTé A Vector thew 


Ag t Are. 
Such That, 


A= 
V°Ate ANd VX Ag=0 
TY of 


We EMPHASIS The Generals ae Procedure. SINCE Tre Exvectric field ts A 
Ex 


Per FectLy Goon VectToy, 


E > + Ete 


FROM (i) we see 
VeE= VeEe t VeErg = Pes 


oR Ve Ex = P/éo 
A comPLIMeNTARY EQUATION NEcEeSSARY TO UNIQUE deTermine The lonoitudwar 
COMPONENT OF E 1S 


VxEx = O 
Thos Ep tS deTerMINED RY The GrAdieENT of SOME POTENTIAL which 
dEPENdS direcTlLy ON Tne chAroe CONCENTYATION AS PER ELECTYOSTATICS 
ANd muerSety AS The disTANCE From The charec 

Ex =*VP 


sy = Chittees br €l&TYOSTATICS 
R 


whe re 


Howe €xhmine The Lowertudinae Part of the mAenerc fietd, we discover 
fA Vere? UNUSAL ThiING, Name ry, There ISN'T ANY LOnmeITUdINAL PART; The 
MAGNETIC Flttd S ALL TY ANSVERSE, 
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To show This wé uSe EQvATiom (22) 


VeBzO=: VeBe + Vv: Br ‘ 
but Ve Bre=o IN GENET AL Thys 


V-Rme =0 
Since Vx Ber re) , IT 1S NECESSARY That Be =Q. Thevetore 
B= Bre. 


Now Lets See WhAT happens wiTh EQUATION (tir) ; GxE = B/agr 


VX Exp + VX Es = 3Br /yr 
VX Ere > WBrrfar 
From €@. (cv) we see That 


VxBre + 9Etr FIEL p= jgt ira 
> ot et 
If we WANT WE could comPARE LoneIiTudinaL ANd TVANSVErSE€ ComPONENTS 
And EQUATE Them. Wut leTS TAKE The derivative And cer 


Vx 2 Rrr a a Ete + Es 


edie Bim 
ot ert att me T 3t 
USING OF JosT derived FAcT THAT aBmys,, = Uxe = 
we find — iy Ear ANd SEPALATING oul 
Vx(Vxerr) +r 2 2 Ty 
gt* at 


RecAULING The vecroR identity 
er = ty 
_ VxVxA= V(VPA)- VA 
but VeAre =o Thus a 
V «(Vx Ep, )= - 0° Ew 
We Are LEFT wiTh The very inTeresTING VYesulT ThAT After we ‘rid our- 


selves Ob ELectrosTATics The EvEcTRic field 1S GENErATED ENTITELY bY The 
TYANSVERSE CULTENT | 


Now it 1s A&So true for ANY VEecTor described IN PoSIMoN SPACE There 


cocreS PONDS = fouriér TrAMSform ot Thar vecTror IN IK or WAVE- Number 
SPACE, 


A(iR.t) = (* A(K t)e*® d3ik 
“ (am)3 


The. Action of differen TIATING ACR t) witw restecT To MR ts The 
sfme AS MULTIPLYING The INTEGFAT BY cCIK ¢CAch TIME, 


15.4 


TAKING The LAPLACLAN of EC(K,t) iw the K™ mode we cer 


ave a srs We” _d@ 4 
C)GK) CT Ew + K > 5 


gt™ 
OR. IK ct E, +2 E;, 3 24" droppince The iK™ prode nomnow 
ot’ 


Thus +AR WE have MAdE No SIMPLICATIONS | WE hAVE FRWe® TALKED IN 
Generfl Terms if You LET Me GET by With The INSTANTANEOUS lLoneitud - 
IMAL ELECTYIC Fietd which NooNE QUESTIONED 5S0' TLL Go oN. We cAN 
Moré, however ThAT The SoLuTION To The Final form The eqguanow Above 
ts JOST ThAT of A harmonic OSCILLATOR “DRIVEN bY A Force COrVESPONDINL 
To The TIME deyrivATuEe Of The TYANSVEISE CULTEAT. 


WE CAN TAKE The fourier TrANSiorm of 4 ta. 1§ we cAN TAKE IT of 4 , be. 


oh 


: tKeR 37 
(Rt) = j “Kk t) e d° ik 
Sh goat 


Now A re 1s PerpenDiculAR TO Ah - Wut A CAN be written IN The fuNNY- 
—_ — — 


NOTAT(ON . n>; 
een Faas 
ds Ik* 


- at ~ 
or fy PouTS IN TRESAME direcnoN AS IK, This movies {re S per Pew - 
dicular Te IKK 


The solulion of The driven harmonic oscuta7oe tor The Kh mule oF The 
Transverse erectric fletd IN The K-SPACE ne, The LompONENT ALWAYS 
NOOMAL To The direcNon of ProPAGATION 1S GIVEN AS 


—_ t reas 
&, (IK t) = . ee SINW(t-T') Fedo dt! 


ThAT 1S , we USED The GeNErAL SOLUTION To The EQUATION 


X + wx = Y(t) 
WwiTR t t 
X(t) = as { Sinw lt -t') yitdr' 
-& 
Where The Time T is The Time we want The Fietd, Since The observation 
Occurs AT A Much LATTES Time ThaT The Event ITSeth susce ir TAKES 007s oF 


LiGhT YEATS TO reach vs, WE can, for ALL PRACTICAL Pour poses TAKE Th AT TIME 
To be INFINITY $0 our INTEGrATION YUNS from ~0o Tote. 


If we MAKE The SObSTMUTION, 


£wsle-zy ww lt-2) 
SINW(T-T') = e -e 
pera Ed 
—» « tt! Ae = 
~ - i cwlT- oe -zt 
E (Kt) = | eet eter el | viey dt! 
Aew 
-@ 
h zd 4 
whete yitl Fed Kt 


Is8 


cur -ewt 
Rewri Tine E (K,t) = it, +e 
ee 


Acw 


r 


—-t 


Bew 
Im This form we clearly See we have rvowe SOMETHING WYONG 
Power which Goes AS Er 


Bechuse The 
CONTAINS INTErfering Terms Lime Lilr which 
MEANS WE FAVE CUTGOING ANd INCOMING waves INTErfer ing. 
WeLL 1h Youll Permit me to cheat ANA write Dow whAT | WANT, Ke, 
few fAcTOrS mis PLACED gos Be 
, Oo wt Ee ae 
EF pe efht( a’ d gC dt 
E, = € jw dc 
Aes 

WAT Then ts The 


current tor MOVingg ELECTION GIVEN bY The POSITION 
VECTOR Gilt) And ComPoneuTs Kieth, Yael, Ziti. WE mole The COTTENT 4S 
ZErO ExcePT Where The EL€CTroni She, 


WE have A SELTA FONCTION. 
The chatee density im IK SPACE Is = ae 


> as iKeR a 
Qc) = (PocRtve dd? 

bur ect) =3 SC Ri Git) 
SO Wwe Simpy have ‘ 
e CK,t) = y Mod 


To find The current dewsiTY Which 
The verociT? of The ChARIOE 


uliTh A 


IK Qit) 


IS SimtPLE The charee densifte Times 
ae Ti+ Qt 
4(K,U = 9 Quit! e 


ITS AMAZING how Simme EvectrodyNamus cAN be nade 


fF ONLY we woud 
TeAth Fourer TFANSTOIM Theory firsT 


~ BeeaoSe once We oo To IK ~38P ACE 
we ElimiMaTe The Need TO TALK AbouT reparded Wave ANd ALL ThaT junk. 
If we now iInTeerATEe Ey lT/ by PART bY LETING 


u= Cast! AN d 6 5 ‘ ‘ 
Swot | ‘wt! | 09 & os oo ey grid Ki dz 
ees = P a . ~4l ‘ ‘ 
= 2") du e | tow ots Le 
Emit) = S| glk, a ae F&t) 
fut ( O .cul' . ‘ 
> eV e {Ki thdt 
Lu -w 
SINCE er iS Just A PhASE FAcToR, we chose To ienore tT, 
Zz 


We fINALLY ENd UP Wilh AN mite Gre L oo The saen 
= -cwti eo cK* ( 
Exlt)> |e" accie dt 


The vetoci¥ VEctor beiwe NorMAL TO The direction of ProPAEATION k, 
This 1S The SAME TYRE OF iwtecrac As we had before. 


is9 


Orbit ANd vArY IK, we ASK WhAT Tre FAKIATION 15) First We want To describe 
Circuc Ar : 


we mow have The Electric fretO AS A Function of K IF we Fix Mme 
MIOTION ; THAT MEANS The PosiTton comPoONEéenTS 
TECTIONS ATE GIVEN by 


IN The 


x, Zz di- 
Qz = Q Ron Vt 
Qy = aA cos vt 
The direction oF PLOPAGATION TK 1S even by 
K~ (Ke, Ky iky ¢) 
SINCE The MorioNn IS VESTLICTED To The m,Z Plane IKy =aQ And The 
TAAMIATION @0ccurs AT T=O. We have Then, 
IK = (Kz Ry 0,0) 
Such ThAT wt = 


Ky tk, 
If we TILT The PLANE of MOTION Throveh A vert SMALL ANOLE © Then 
Kz= weose IKy = wsine 
To f& Good APPROAIMANO N 
Ke = w(i- 2)= w- Ye 


And IKy= we 
The com PoNneNTS of Ik become 


~ Wer 
(~ =z ) we, 0, 0). 
Since we MUST have The factor 
IK» Qiti 
we see Ste Meee 
IK + Qit) = 


Ke aomvT + ky 260svT 
The Evectric freco For A PArTIcULAR WAVE Number 1.é. im The K™ mode Is 
GIVEN bY 


E v= j bad eet Ke asiuvt e Kx acosvT 
-O 


Qvsinuvt dt 
dropping The T' NOTATION. Atso where we used The veefor VelociTY 
COMPONEcHT IN The x direcTON ONEY. 

However, The M4@IN CONTYIbUTION T2 The INTEGrFAL OCcUrTsS When G=O0 ANd 
uNder THAT CONdITION Ky zw , Ky=0. So we oef 
a -cwt 
Ey. (t) = i e 
u(t) ses 


+lwasin yT 
AVSINYT dT 


For very hich FreQueNncies w, The EXPONENTIAL OSCILLATES SO TAPIOLY 


ThaT The INTECTAL DOESN'T GIVE ys puch. When ‘The ecircucar frequency V 
is VeVY High, Then we hive This LAree W, 
The OSCILLATIONS bE SMALL 


SO We mMusT requle THAT 
but AT The SAME TIME GET A hieh w. 
do This LETS EXPANd SInvT for SMALL VALUES of YT LE., 


SINYT = yt - yt? 


— 


To 


© 


{Go 


So ThAT % -(W-wavIt —. 3 
= vy? +3 
Ey (t) = j. e o SSE Vasinvt dt 


BUT AV= velLociTY on The orbit w which IS AlmoST The SPEEd ot LiGhTQ, 
The wereciry CAM be Wrinem IN Terms Be Of Y where E= Yme”™ AS 


v= I- = 
2 roe 
Thus W-Wav= W-Wy : W- we Ww = W | IF we 
much SALLE EXPONENITIAL WE See ar* 


Laroe MAYbE 2000 


lGnore The other 


sve 

2 TRAT EVEN when YAS very 
for | Bev, WwW CAN be very LArece So TART The OSciATIOns 
Are SMALL ANd ThUS Get A CONTRIBUTION from The In TEorAl, 


For €Ase of handling LETS cOoNSider The  INTEGrAL 
MW -cw . 
Ts ‘ e- tT +ciKy ASinyt dt 
-2 


é 
Where we chose TO tenore The Term e Ky 


A cosvT because For Vtxo 
weontrt have ef Kx 


which tS Just A Phase differcnce,: 
WiTh This INTE@TAL we CAN define The ELvecTRic Field AS 


E,it)= yo I 
9s 


Thus we only hAVE TO Worry AbouT WhAT I TurnS ovT 70 be Then TAKE The 
derivative with respectrtTo Kz, 


AcAIN for senic anoces Vt : ‘ de3 

—_  ¢@ -Cw-K,ayt -cKzav°t 

Le: Nek 2 e C dt 

Let PS iKzav> and X= w~Keay Sock ThaT 
z 

-tht -c¢pr> 

I: j en Z cpt, de 


This usTeorAl ts A Bessée tumctTion of Order’3 or soméTning LIKE ThAT. 
Since The MATHEMATICS cAN bE WOtKED OVT From TAbLES, | would LIKE TO 


voor OUT AN ASYMPTOTIC APPFoxIMATION TO UNDERSTAND The meaNnine of 
The INTEorAl, 


wig Would LiKE To Know where The Phase VAries The Slowest, hé., where does 


\TS Minimum occur, Thos LETS Dihherenri ATE The Ex PONENT WiTh respect 10 
Time To GET 


r Pa oe =O 
Te = tY rp 7 22 


OR 


where V= {Mp 
So we LEAN A VETY ANNOYING THING, bE. The PhASE NEVER VATIES StowLy 


over t! We JUST Got Throvoh TTPYING TO FIND This POINT ANd Now We 
LenrN tT LIES ON The comPtex TiMée AXLS. BoT WE ArfEen'T ThrovGh veT, 


16| 


Suppose we TAKE A contour So ThAT WE TYAVEL ALONG The TIME AXIS 
And Tus ofoP TO INCLUde The PoiwT tt €.6. 
sia! zt 


© 


ler me CheaT AGAIN ANd TAKE A DifferenT comTOur , This TIME WE have 
The PoInT where The osciLlATON occurs AT -c& And we follow The 


path 
t= -<(#tts ae dt=ds 
te ‘ 
‘ s ct 
where The DisTynce px 
MEASUTED ALONG The e-et 
t+lar is S. 
WENEED Then The Term -cAt ~~¢pr 
3 
~trhtT = ~cdAC-c€ 45) = -AF-CAS 
. “ere = gs (-c#1s)> = “PI oceans Bat) s + 3CcHs* + 33 | 
| +P ,ipts - vPst -¢Ps3 
3 7 3 
Therefore, @ Oxt-cAs + PU gece dts ~- epst_cps3 
4 T= ae e 3 eae 


Note: since t=]%¥p_ which impues t= yp we Find -~cdstiPt s = 
“ENS + TAS =O ; or The first Order Term im S CANCELS OUT. 
Wwe NEGLECT The $3 Term, The TEMAINING SeEcond Ordey Term 1S A GAUSSIAN. 
For t774 we Get AN ASYMPTOTIC SOLUTION Of The form 
T= 44 ae + Pty, 


__ e€ 
rep 
z ne 
arm Ls [an e 3 p ‘ir 
V4 pa 
The ececrve freed E cAN ntow be deTermNeD YeAuzeine That A ANd P 
fre funicnoms of IKz. The ANSWwEr FEYNMAN GoT WAS 
E= Vi faa ~ ae 
4 Sa "q P 
vA P 
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JIN Note: I don't recall this attempt to help Feynman and don't know if this correct-treat it accordingly 


KnowIne The ovTcome of The Days Lécrure Aud ThAT DR. FevNMAN was 


NoT GETING The ANSWERS he WANT 1 miehT SPeculATe ThAT here tS A 
Trove SPOT. Accordine To our formurae for E 1s, 


Ex > Vd 
diKz 
ANd remeanberine Az w-IKyav P= Kavy. if we PoT Those 
INTO The ExPreSsSioN for IT wé oeTt 
Ta exp [-2 aiKav)"* 
Ceo-wav) (IKAVY, \'"4 3 ciKavy,) 


This Then musT be differenewTIATEd wiTh fESPECT Fo IKe. Ill check 
iT cAtTrer bot uT Moesn'T Look LiKe tT Ggrvey The E found by DR. Feynn An, 


After A shorT recall ¢ Think | have if. Since The oscitlLATiIonsS musT 
be SMALL, AS STATED, To GET A StontficANT CONTRI bLTION TO The INTEOrAL 
we TEQuiTeD Thar A= w- KAV XO. So WE onty difleremTIATE 


N'A woah respect TO Kz becavse A GIVES The biacesT CONTNbYTION. So 


-% ao Ve \Tez ni 
4 lita eT dye evi eo BN 7P% 
JdiKz 4 Sq pila dd IKz 4 V4 Pvy 
Thus ObTAINING for E, 


2, 
. f4n ei” 7p 
va Pa 
MLL TRY To ExAMING The Effect of The Extra facTor avy om The tinAt 
TesuLT DR. FEYNMAN OBTAINED. 


E, = 


ay 
4 


CONTINUING With The LECTVTE NOTES, WE CAN GET Ant APPeTOX IMATE 
equation tor A in The followine WAN, 


d= w- Kav 
- C1 
where IK, = w{i- o*) and a¥ =v: lf zy* 
im 7 - or ms a ~1 9%, @ 
A> w-wi(t g ya = ve) > w-w(l ie alt £.) 


NEGLECTING O°%u4yt we 6oelT 
Az W- we w(ti+6*) 
w(t, 
or 2 t 
d= wert =<) 
To €STIMATE P For INTEFESTING TrEQUENCIES Wheae AVE 
p= Kyayye x IK, v* 
% z 
buT To A Goom APProximATION IKz= w(I-@") = w 


Ther efor é Px wy 
Zz 
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Since The Power GoeS AS EY we ee 


r z 
Ex = yan ex p|- 4 Dp: a | 
1G AW pr si 
UPON op ecteretunion ' Sf, pat, L PF \ 
Ew 4tyv" exe[-4( (2) ar (ay 
i 


+ 3 
te (2) (aes oe wiry 
Which SiMPLIES To 3 
rw L Pr 
Ex = BAY : expel" = 7 69 ty) | 
WS 33 (ota a sit 
ws (6r+ Vy) 
Torid The EQUATION Of Vi WE MULTIPLY bY A/qQ so ThAT ay 
CAN bE FEP(ACED by | ANd USE The Identity? 
7 = Q The radius of The orbit 
u r w 1% | 
Ex = 200 exp] -3 3 (Ar 1) | 
ws (ett x.) 


When 6=0 The Power 1S GIVEN by 


ro ocw | ¥V ro tw 
wm¥ exp faa = in¥ expl-§ Zu] 
i Ba (HELE ye 
DR. FeynmAN chose ro write W/y AS AW So THAT wW/y4 = YX/¥3, 


From which AN Wert wAS defined As 
« ¥*v 
a 
Where The VAdIATION cuTS OVT, Ir Is The Frequency Wwe observe. This 


mMeANS That A tS W> Shorter Than The diAmeter of The orbit, For A 
[Bev ELrecTroN Y=2000 So we) 1S Prem? SMALL. ConSidérin WO ge, 


Wen > ee 


Then The Powér RAdIBTEd Wovl d G0 ,Accordine to Fernman AS, 5 


<7 
W3 ~4 we 
And when SA >7! IT would TENd Te Ge: AS wie 3 ys. 
v w3 
As iT turned ouT DPR. FegnMAN decaideon fe made The MYON APF ROXIMATON 
Since The ANSWEY WASN'T COMING Oot. 
The error go€ES bAcCK TO The {INTECrAL ‘ 
Bee &% 7 NPDES + PF +ipt's RUSTE ES as 


“oO 
IN ESTIMATING The veLATIVe IMPOrTANSE Ot The LAST TWO Terms 
~ (t Ps + ips) 


Theve must’ be A criticAlL S VALVE SOcurrinG AT The INTLECTION Powe 
of The curve yoImTNG The TAKIS ANd The LINE S. 
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a 3 
iF &PScy =1 Then PScr “4 1. RewriliNe AS pa <él —> Pe 2c | 


(ep) ver? 
3 ~ p ee . 3? eP 
on PKs ar. The inTeEGraAL \ e : ae iS AN Airy intégrAu. The 


-_ = Y 
couTributé To The Power of e+P*%> 15 Simmy Anum ber And 1s Thereore 


enoted for This ANALYSIS, he, ae - 
4 | fe" dx = NUMBER 
Pr 
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The question which hAs sme MEANING tS WhaT IS The SPEectTrem we sec. This 
Depends OW The SpecTrom OF The ELECTTON ANd WhAT WE HAVE “Done Sot ty 


“bo€S NOT Giué US The ANSWEF, WE NEED The EWeror DisTtibuTON for The 
elécry on. 


The specTrum of s?NchroTRoNn TAGIATION Goes AS dw If we reverse our 
0.7 

ATLUMENT ANd ASK WhAT Tne distribunoNn W& oF ELECTION ENETCY 

MUST be to Give TWiS, WE MtohT GeT ovT Of our ENTANGLEMENT WITH The 


MAThe MATS. Hid we work This Theor?’ ovT riehT the ENERGY SPeeTrUM Of 
The ELECTVYONS Sheuld Go AS 


From which we eExPecr 
wl A dw 


This means we need AM © of ZH To GET 0.7, AMAZINGLY ENOUGK WE 
SEG IN Cosmic TAYS AN GK of 2.8 which is BOT DAD SO WE ATEVE The SAME 
Process which Ténds To AccELErATE ElEcTrOM To SYNChVOTTOM FREQUENCEES 
wiLL Likewise Acceréeratre ProTONs. IT Seems Trent we Are OM The riehT TACK 
To UNdEYSTANdING THIS Procesé. 


However, To Tel whaT The enerey SPecTrum of AN ELECTTON INA CAS, & 

or more gpectficAuty IN A bEAN OF GeNEerATEd by ThAT GAS, IS vert difficulT 
becAvse WE musT KNow The ProbAbiliiy of ESCAPE Ale" Some enerey, But 
The Theory of ESCAPE of (IS NOT INdE PENdENT ot The ENEred distribution 
in A cube of GAS S® | consider The varve of Kz UY wor A TEAL britlianT 
fact veT. AT The same TIME TT is LoOrTh EMPARSITING TnhT ALL TAdio 
Sources 4@ Show NeEArly The sAmMe index. Whatever 1S CAoSING This 
TAUIATION APPEATS To Procréss AT A fAirly EQUAL PACE. | Prapese AS A 
Problem of The firST iMPorTANCe TO compuTEe a To See IF IT IS reAlLY A 
UNIVEFSAL COMSTAAT. 


The modéL is A GAS of churnIN©, SLOPING , SLurPING flelds, Shares dirt, 
And oTher @ Junk ALL IM TurgulenT moTION Aad This Reovirine What 
The etectvons DO IN THAT MESS. If We STATT wiTh LONG WwAveS will The 
GAS churn Down TO short waves or vice verSA. This is ACTUALLY 
STATISTICAL MAGNETOMYDROAYNAMICS, WOFKING wiTh SCALADLE Modes 
LIKE The mAoNENC fied VATIOTIONS, PerhfPs we cAN Fieure ooT The 
reat NATure of SYNChroTYON VAMIAMON. 


The Power CONTHIN OF TELEARED THAT I Durins THig KAGIATION U5 
Sstzenble, In facT The ToTAh EMERCY IN The mAonenc Fierd@nd mn 

The €Lectrow AENSITY iS So CreAT That SomeThHine Seems To be 
The MATTER. The Three & PRIMALY Sources of Sy¥NchroTrom radiAno 
Nééd more EmErGY Than WhAT Loe SEE. 


IM QUASASS ,oALACTIC CENTErS ANd A SPOT iM The crAb N&Ebovifh€ Hil 
Possess EXTFEMELY YICh Power OUT PUTS . EVEN FLATEe sTArs GeNErATe 
EVOrMOUS AMouNTS OF ENEFOY Which we PONn'P uNdersTAaAd CiTher 
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PuRine This WhotE Discussion we Assumed The eLECTRON YAdIATED by 
ITSELF WL, NOT INTETACTING WiITh ANY of ITS Surrounding ELecTroNs. 
Suppose we PuT Two ELECTRONS close TOGETher , So CLOSE in tAcT Owe 1S 

ON TOP ot The other And GOES Around A Circle JOST LIKE before, Then 
The MAGNETIC frEeLd IS Twice AS STTONG Which MEANS The EMISSLOM becomes 
Sour Times AS oreaT, Then if A LumMP oF N elecTRONS were ALL IN PhASE 
The Fierd would be n* IT SEEMS Possible ThAT These STON] TAMIATIONS Are 
ihe résutT of coherenT MOTIONS of LUMPS of ELECTYONS Which Are 
ACCELEV ATEd db? The mAgueric Sierd. Tne lLumPInesrs would de Enhaparced 
AS The Lumps Are PuShed toce Ther, 
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EXTRAGALACTIC Sources 
oF RAdio EMISSION 


ToDAT f WANT TO TALK AbooT EXTra GALACTIC Sources of radio EMISSIONS 
which fall InTo Two, CLASSES _Which I cyw'T remember The Difference 
CAUSE ITS DEEN Three WEEKS since t PrEPArEd This stuth ANd me mMeAN 
Life for rememberine This stuff tS JusT Aboot That Lope. IN fact, i'm 
TRYING TO MAKE This PrESENTATION APPEAY sD PooR Thar €1Ther Mut Get 
Y'ved or ElS€ CARANGe To ANEW TOPIC, MY AbiliTY To dieeST This materiAr 
And Present IT IW AN under STHd Abie FASHON 15) dwindliINa. 


Ar Ant CATE The TWO CLASSES ATE PreSUMAbL?, GI TAdO GALAXIES ANd (2) 
QUASATS, IT (S CUrrENTLY BELIEved, OF Atoved More STTONGLY ThAT QuAsArs 
fre very far hone trom veceedine AT TreméEndous véetociteés, The 
INTEFESTING QOESTION CAN The be so big. Are They closer by? tf They 
Aré Then There Are Some very Poudnmen TL Problems resulTiNe from 

And €XPLAINATION of The Presumed Tremendous red shitT. tr 63 IWTeresTInG 
To NOTE ALSO ThAT NO blUE ShIITS Are Observed, 1.8, Nowe of These 
QuASATS ATE headine THWARAS US They seemed TO hive ALL 
PASSEd DS BY A LIKE A SPEed ING COP ON The WAY To A WrECK, 


RAdIO GALAXIES 

ConSid€rinG First rAdIO GALAXIES, Woe CAN EXPLAIN IM Some deTHIL Their 
Phesicnl MATUTE, USvALLY ( Because IN ASTroNomyY There pare ALWAYS Per- 
PLERING EXCEPTIONS ) radio GALAXIES CONSIST of double TECIONS OF 
STToNG Adio Sources EQUIdISTANTLY SPAced, more or LESS, AWAY from 
find INTENSE bye SMALL oPTicAt ORVECT, For A Particular GIANT D 
TYPe GALAXYg There 18 From A very PTEDOMIAANT “BUST LANE or 
LING EXTENDING ACFOSS The CENTOAL ObVECT Which IS BASICHLLY AN 


ELLIPTICAL GALAXEY, A Picrete of A TYPICAL TAdIO GALAXY MIGhT be AS 
FOL LOws 


TAO 
EMISSIONS 


The Two OUTER YEGIONS of fFAdIO EMISSIONS ATE AMAZINGLY SimiLAr 
IN OVErALL STYUCTUTE Aaid EMISSION NATUTE 51.8.) Theit SPECTYAL PATIENT MS ATE 
ESSENTIALLY The SAME, TheSe CeGioNS ATE UTIErLY TRANS PATENT ; There 
Ate NO Sources oF viStbige LiGhT There ONLY of TAdIO EMISSIONS. 


There Are, however strong EmisSION” LINES IM The OPTICAL SPREcTCUM 
Strom The cenTrAL ObuecT. There 1S AN ObServed PotarieZATION of A few 
PerceNT 5 @® IN The OUTEr FEGIONS Which SEEM TO Lend Some credibility 
To The belief THAT SYNchrotrom rAdiATION tS GOING ON There, ALSO 
The frAdio INTENSITIES of Thes€ OUTET TEGioNS Are of The order over 
The WAVELENGTH LANGE of AboUT 100, 
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AbouT The ONLY WAY To describe These Sources 1s TO LST Them ONG 
Ar A Tyme ANd Give Some of The viTAL STATISTICS AbouT iT. There wilt 
Appear Some NUMETICAL INCONSISTENCIES ATISING (Nn The réPortéd DATA AS 
técorded bY aifterentT PEOPLE. ThiS however, Simply retlectS The curresT 
SVATE OF The Art ot AsrromomicAL MeEnsurEmMeNTS Add ToGeThernesS IN Te POTTING 
The dATA. | ShALL LIST The LarGer, more cATETULLY INveSTIOATEd ObUECTS Which 
SAL INTO ThiS CATEOTY, 


The red ShifT Z iS THAT Tecotded by The ANTENNAE And GivéS A TELATTION for 
The TECESSIONAL VEeLocITY V [f WE ASSUME No GrAVITATIONAL réTArd ATION of 


Zt+l= aT 1t¥/c =~ NObSErved 
t- V/c Nemired 

The SIZE dimMENSIONS FE The difmeTer AMd SepAranon of The Two outer 
obuecTs AFE ATE GIVEN IN 1000'S Parsecs ( IPC = 3.26 L.¥), THE low ot 
The AbsoluTé LCUMINGITY IS GIVEN tw Eros (SEC. The OPTICAL MITONITUDE 
MEAS@MEd AbsSoLUTELY,1.&-, 1F The LIGhT from The obvect WAS brvuGhT TO 
fh dISTANLE of 30 LIGhT YERTS From uv§ IS GIVEN, The Later Two QUANTITIES 
BEING TATREr NOMINAL QUANTITIES oF beTier TheYere NoT NECESSATILY TIOhT 
for The w fry We Cheose To menSure mem, we ASSUME THAT 


Wreess. = H* distance 
Meon Pc, 


where H= Hubble'S CONSTANT 
fs A sTANdatd : 
10 K™/sec /Mpc = Hubbles ComsTiwT 


For SMALL v'S The red SHIMT 1S PTOPORTIONAL TO The velocity. when 
we GET @ Red ShitTS of AY or hioher we STHrT eeTTING INTO SOME 
Trovboleé. 


{ooPC } Loo ILI OPT AL 
TAdio Source Meee = asa xSeparfmoy) Tes/SEG ABsoiote ae 
RYEROaOR He -O0S7 17 x 100 44.8 ~2b) Gx 1043 
centAurus A y 003 3.50% 8.3) ui. - 21.3 Fi 
Fornax A 17 006 See) qt. ‘ 6 
Cx ty) 48 2B rouY 
3¢ 33 -060 10 CxL00) 42.8 -20.9 y1043 
3cz79$ ay sais) uso aoe q 
HErcuLesS A SY 90(X330) YY.2r 
WitGints A _ 904 13x 0.7) 47 ~20.8 
3 C338 - 030 32 q| -~ 216 


Some Peculiarites of These SovrceS fre The followINe: 
For CENTAUrUS A iT ic LIKE, 

The UTLe SPLoTches Yhidio sourges 
Look Like PLACES where C 

The CALAKY Shobour Some 


crAP And MIGhT be 
CATLR IN ITS deuv€loPMENT, 


t 


oTTONG DUST LINE 


Fornax A LookS LiKe iT has Some COMET TAILS COMING OUT of iT: 


a 
\ wore 
4 ee 


3¢33 IS STr ANGE or ATYPICAL 


ESSENTIALLY POINT Sources Difectéd iT iS believed, rAALALLY ALONG 
The AXIS ot ROTATION 


in ThaT The vaAdig sSourc€S Are 


AXIS of TOTATION 
O -—@ 
| 

3c U9S IS The MOST diSTINT KNOWN 


? 


}00 KPC _ 


ridio GALAXY recorded eExctudiwe 
QUASATS. The diSTAMCE out BEPENdDS ON Which cosmoLOGICAL Model 
Nou PICK. : 


VirGimiS fe WAS TWO SMALL OPTICAL GALAXIES tNsidé A CLroud of 
YAd10 EMISSION. 


@® 


27 KPC 


This could $€ A NOrMAL Sfdto GALAXY Which we Are viewine from The 
End but ThAT doesnt Consider The Twd objecTS inSidé, 
30.3386 1S SIMMAP TO ViroiiS A Ee, IT IS A Source wiTh mo double 
TECIONS OF TAdIO EMISSIONS 


© 


HALO 


The QuesTION of ObScUrANON AMSES IN J INTErPErTING WhAT WE SEE OM 
The PaoToGrAPhic PLATES. PerhAPS, A Bio Cloud FLOATS Around cuTTIMG 
DOWN The INTENSITY frOM These Sources . Tor iT tS INTETEST IMe TO 


NOTE THAT The opTicAl PETCISion OF deTeCTING These Source 7S Moch 
beTTer THAN with CAdIiO WAVES 


bot Adter Findine The reGions 
ot rAdio EMISSIONS The 


ASTTO WOMENS Were INSTYUCTEd TO CCE KAMINGE 
The PLATES More CLOSELY. The whole ProblLEM SEEMS To be one of 


SELE TION hE, WhaT ATE The SErsitwiTteS ot The FECEIVING ATT ENE, 
Suppose IT WAS SENSITIVE To A CEY THIN IMTENSITLES ANd A scnirerne 
ot A (00 STATS UlAS 


JO wiTh LUMINOSITY MACNIMME YI, Q wiTh YY 
And [with Ye. Since The FirTher WE GO The Wenker The INTENSET? 


So AFT ALL of TheS€ obvectS miehT be CLASSEd The sAme, 
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NoW wE MENTION A couPLe of QUASATS 


dio Source 
z RAST RAO OPTICAL Fe aaa 7 
‘ 1@-. nt, 
Seno. G80 u74 3x10%4 4 ¥t0NS eve/sec = lenge } 
3c 4B 6.361 1100 Sx’! 1 x104S a 
ie 
Kp 
sg 
The NAME QuAsARS or QuAsi- STeccar Adio Sources 


sé€m te reser to 
@yYAdio Sources Are ESSENTIALLY POT 
sources ANd bevand The resoroTion of The ANTENNA, While on The other- 
hand TAdIO GALAXIES HAVE very CAGE ATEAS of FASO EMISSIONS. 


Sone QumArs have been observed With A red Shift of 2.2 OR 


IW Vig n 
These ObVECTS SEEM TO HAVE More bLYE LIChKT THAN MOFMAL GALAXIES. SOME 
Are weak And hfvé Low radio INTENSITIES To The POINT we cAN'T record 
ANY Emissions, Some of The crazY ESTIMATES of The site of These objects 
Go Bown To fl LIGhKT WEEK vorttch 1s PreTry DAMM SMALL When You 
CONSIGET The POWEY These Thines fre PUTTING OUT. ITS Possibte , perhe@Ps, 
The SYNChroTYON Process 18 NOT UNdETSTOOd WELL ENOUGH And That iT 
IS Hore EX€Xficient Than Predicted. Or maybe someTWinG “Ese tS CASING 
Treseé TremendooS red SHifTS~ GraviTY, PerhnPs < BuT There 19 No correwi 
HodelL which could ACOOUNT for These Umree ShifT. MfYbe SuPermovAe Go ott 
ANd Tren déecAY down wilh wo APPATENT EGULATITY, 


Those obvECTS th Which The 


Some fUmor wen T 
frouomd radio WAVE VATT ING buT Ts IS betteved DUE TO SYMTNLATIONS 


IN The WAUGS DYE TO ATMOS Phenc or Planetary ¢ InTerterence. ANY Crhzr 
id€AQ 1S ThAT AS The GNALAxy Spins ATroUNd IT WINdS UP The MAGNETIC Field 
LINES OnTIL They SNAP And rerleASe ALL Therr ENEVOY IN SOME effi utd MANNER 
To MEASUTE These red SWfTS observed AbSorpTion LINES From These obuecTs 
nAVE DEEN CorveLATEd WITH The KNOWN ELEMENTS, CONSIdErING The FanTASTIC 

red Shift iT WOOlLd be ExcEeedINGLY DifbticuLT TO clAIM A CerTAIN LINES 

GS WAS The Mhongsium 2 tine’ Shifted Throvch 2956.58 & or SemeThine 
STUPid LIKE TWAT. The id€h GETS Worsewhen omlX Three Yoo or mnrbe 
EVEN OWLY ONE LING IS recorded From which we cl AIM TO KNOW The red ShfT, 
TiS FIVST MECESSHTY To AScerTHIN WheTher The CondITION Within 

The objecT  TemPErATUrE COMPOSITION, ETC ATE Such THAT The ProducTion 

of Me™ or Whatever 1S EVEN PeSsihlE ANd Ths | Vs sett, 1S ALMYST 
1™ pogsib ce TO DO AS WE Sovekty CATLIEL IN Tre Course. The darter 
Poti The Obyect is The Sewer Tre mMensurenble LINES because The 
INTENSITIES Are LESS; ANOThEr Problem to Face, So in FACT, The vere idenrtiry 
oF QUASATS 1S QUESTION ABLE, Perhaps They Are NOrMAL rAdio enLAnies 


“pd ferent smees of EVOLUTION, Maybe, Tre ATE FAST ReceedinG GALAME 
of} very PecuLiAr NATure. 


17 


CHAPTER IZ 


ry al 
ONE MAN'S ELECTRON 1S ANOTHER MANS POSITRON 


A LEécTURE ON ANTI-PARTICLES 
here is a fascinating side trip down one of Feynman's favorite topics 


Tris Lecture IS AbBour ANTI- PARTICLES - Wht They ExisT ftvd WHAT Ther fre, 
The PaArticLes Follow AS A conSsEeQueEmce, A NECESSAPT ONE, when CcombINING 

A discussion of QuANTUM MEChANICS ANd RetATivities Pros some oThey 
ThiNeS Which WEILL SOON Discuss. The ont¥ TheoreS which evorve from 

This Line of Ye ASO nu A nd MAKE ANY SewSE ALL hAVE Iw COMMON The followWe 
ChATACcTEerismecs : 


Gl. There 18 wo wAY TO Avoid PAIF-ProducTION, hé, The € xrSTENce 


(a). 


(3). 


(4). 


(5) 


Ths 1S 
No OWeée 


of ANT)- P Articles 

The reL ATION between SPIN ANd STATISTICS ; THAT bEive, SPINS 
of 2 ATE ASSOCIATEd WITH BoSeE STANSTICS ANd Whore weer t 
SPIN regoure ferm) STANS TICS 


The fTeSoLTING ANTI-PATTICLES SATISfY CerTAIN LAWS Which ComPLETely 
deTET MINE Theft R bE hAvIOR , More IMPOTTANT The Litws fre The SAME 
Sor The fenl PAFTICLES. We CALL ThiS, SUCcINTLY , Tre C=PT 
INVATIANCE. To Thitik of POTI- PArTICLES WE CAN iMAGING A SiTOANON 
where we TAKE A MOTION PicTure of Some ordwArY PATTICLE AN €LECTLON, 
PernAPS Then reverse The movie ANd Look AT IR Trroveh A Mirror. 
WhAT WE SEE IS EXACTHY how AN ANTI- ELECTTOM OF POSITYOM Would 


behave. 


There Aré No ArbitrAryY foscTNonS APPEALING IM The HAMILTONIAN, 
For INSTANCE, MON-YELAT UISTICALLY The HAMILTONIAN 18 Given bY 
H= wv" + VCR) 


Where The AddiNON negra @ Vir) tS The PorewTiAL Function of 
The Problem. This however 1S NOT Quite True ANd we CAN ADD 
A deima function OF The PARTKLES PoSiTNOW,€6., QS3R, Sd 
we have in EFFECT A LOCAL INTErACTION AS Opposed To 

The USUAL POTENTIAL. This WAS ANOThery MEANING ANd TT INVOLVES 
The world “LIne SEPATATING The PAST ANd The fuliére. The idéan 
ASsoctATed with an Additive ftomucrion has The Effecr ot 
SWTING ThhT LING A LITTLE SO THAT The TrAMSITION bERocEN 
The PArTicte’s PAST ANd FUT Ure Now has A Simite, boT 
SMALL, WidTR Which MUST be comSidered fy A recion of 
PoSsible EvEenTS, 


LASTLY | WE TUN INTO ALL SortS of Divercentr pifficuines 
where ANS WETS Tend To Crop up Thar oo TO mn Finory, 


QvITE A STVAIGHKT VACKET To hAve Around VS bot, AS VET, 
hAS COME UP wWwiTh A SENSIBLE Theory which didw'iT have 


Thes€ PproblemS Crepptto—ePpP. FOLLOW LOGICALLY, 
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There KAS beeN A LOT OF ATTENTION GIVEN TO Proving Thar These Are 
The ONLY YESTIICNONS Which PLAGVE US Since WE CAN'T StEM TO CCT 
Around Them. The claim 15 Twat we can, in facT, Show Tnat The first 
Sour difficvl TL ES result from Tre combiN ATION of QUANTUM MECHANICS, 
Reranve Ty, Plus some oTher JuwK. The C=PT INYATIANCE HAS bEEN 
EXPErIMENTALEY Proven AFIEC HAVING Shown The VIOLATION of CP 
INVATIANCE coud be overcome bY The ComBINANON CPT Thvs DISProvwe 
AS IT Pre WAS, The Erroneous Iden ThAT Time WAS INVATIANT IN The CP 
Picture. 


We would LIKE TO KNowW hous To Prove Thal These STATEMENT EXIST 
AS \ have writen Them. The Proof 1S rEALlLY So obscure THAT 15 
Térribty hard To read. | would LIKE To AT LEAST Show The ESSENCE 
oF The Proof)té., WhY we can Prove ANY TWING AT ALL. 


To BEGIN The diScuSSION We muST Add TO ovr BASIC SHITTING POINT, 
Q-M + RelLAnviTlry A very Sar TERChING hYPOTheSIS - The iden of 
CAUSALITY. IN AdadiINON we have Some PASSIVE ASSUMPTIONS Which 
resurT kvom Q-M which introduces The id€f# of ASSOCIATING AN 
AMpLITUdE with AN EVENT, TaeS we sAY The Sum of All The ProbAbiuties, 
Le. The SqQuAfé ot The Amplitudes Must EQUAL 1. Furtrer, ALL The 

ENETOY STRTES MUST be GreATer THAN TWAT IN vaACcUO (The lowesT ENEroy STATE}. 
Twigs we Add ‘cAvSE SOME bowEhe Ad will FAISE A STINK IF We JDon'T Like 
AN Axiom of Euclid where he FaAited TO MAKE CLEAY The Profound 
STATEMENT TWAT A LINE JOINING Two POINTS LYING ON OppoSiTe SIdES 

of ANOTMey LINE bisecT TRAT LINE! So we mMIGhT summarize our bASIC 
INGYEGIENTS UWiItL be; 


Quantum Mechanics + RELATIVITY + faust tT Z Probabitnes ot LAINE) 
LocAL NESS Alt ENEroy STATES > VACUUM 


+ some oTher Thinos Which pon'T hetP much = JF PRoblems 


CASUALITY 


The id€A of CAUSALITY MEANS TWAT WhAT hAppenS in The PAST CAN NOT be 
ChANGEd bY WHAT WAPPENS int The Fururée. The Condifom KNownhs The 
Present Carries The informanow FOmM The PAST INTO The fuTvre. IN Quant 
MECHANKS The MESSENGEr of THiS INnfOorMATION IS The present STATE 

of The gvstem denoted bY IN> (The amPLiTUde) ; The d &€pendénce tS 

ON WhAT haPPenéed AT AN CArlLigy THMe. if The AMPLITVdE of some 


Suture EveniT 19 dENOTEd by # <I SAY, ThenPhe probAhicity of 
TWAT Event occurring is denoted by 


<rIn> 


where <i iS free to chance but Iny iS MOT bEcAUSE IT ALYEAAY 
happeNéd. Thar 1S CAUSALITY, 
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We CAM TEPresenT The TrANSITION of Events From The PAST To The forere 
BY DrAWING A SPACE-TimMe DinerAM where The STATE 1Q7 TEePresewTs 


&T = 
The Present, Time. <X1 @ future 


iQ? 
PtESENT g space 


The FarnutA which relAleS ALL PhenomentA of the world of PAST To The 
Suture vik The Present ts 


<X| Time PASSES} Y > 24 <XIBIP>LPIAIY? 


where A And B represent The Roo EvenTS AND &IW? And 42XCl Their 
AMPLITUd ES TES Pectwve ty, 


This ExPresses The Combin ATION ot CAUSALITY ANd QUANTUM Mechanics. 
WE MUST Yen USE ThiS FrELATIONShHIP. 


Now whY 18 iT possibLé To déduce A Lor of STutt from Tus seeminoly 
INNOCENT EQUATION, WELL, ITS BECAUSE The PrESENT MOMENT 1S NOT A 
TELATIVISTICALLY haPPY Iden. For Some obServer iM A MOVING SYSTEM 
The iden of PAST - fer PResent ANG foTvrEe Are NOT The SAME AS 
ours, The EVENTS Aré MOT SIMULTANEOUSLY ObSETUEd b? The wo GUYS. 
BuT since The EvENTS ATE The SAME Ther muST see or er Tre SAME 
TESULTS. How ATE These Too obSevuerS reLATED ? LETS Demw MNnoTher 


SPACETIME diNGrAM im Which The Bo GUYS Follow: DifleremT wortd-liwes; 
1 


fotvre Lines of ObSECVET I 


PresenT for 


fixed obgerver, es @ 2 
Suture LINES 
of observetZ ~ 


Present for Observe Yr, MovING Tet ntNve 
To fixed Gur 


The Sbove DrAwine PerHAPS [MAKES IT Clearer WhAT 1 AM SAYING. Eveny 

A occurs in Observer{ Ss PAST whil€ observer, hASN'T Ex Perienced 
ITYET Since ITS IN hig FuTUre. SINCE The EvENT 1S The SAME 1.8. 1T 1S 
UNCHANGED , Mes MUST SEE The SAME TwInG occur. \T IS A CONSEQUENCE 
ot TheS€ INTETSECTING world LINES TWAT ANTI-PATTICLE EVOLVE AS The 
& ONLY METhod of SALVAGENG A SATISINCTORY EXPLANATION of 

WhAT The Two GUYS SEE. 
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To mAKe The Proot AS EASY AS PosSibLE WE Witt ASSuUme TWAT IN The 


World The ONLY EVENT OccUrriNG ATE PAYTICLES bEING ScAITEred bY A 
Poten TIAL, further more, The PANCLES ALTE ConServerd So for EVETYONEG GETTING 
ScAfferéd We don't Ger 2 of § or 10 OVTT tale witt ASsumeé, Then, NO 
PA Producnon ANd Show This LEfdS To AN INCONSISTENT ANSWwEr ANd 


wt MUST ULTIMATELY AccEPT The reaurTy of PAir Production. AlSo we will 
LEAVE OUT SPIN for The diScoSsSion. 


If we hAVE Some SCAHITETING GENTE HeLd AT Some POTENTIAL Which 1S 
LocaTéd in SPACE TIME bY Xt such Thar INcommMG ParTicles of 
specitic Momentum Pi Are SCATIEred ANd AAVE PeSOLTING Momentum TP, The 
wAY Ther Are ScATEvred tS described by 


ox e (Et - Rex) ei (bt Pek) 


rene ee ee 
OUTGOING WAVE INCOMING Whe | 


where E*= {PTE ut or specifucntty Eq: TPP emt ANd Oo IS 
ChaAvACTEnsTic oF The ScCATIEVING EenTer where for smALL CenrerS IT 
ISinde Pend *oF The MOMENTUM ANd POTENTIAL ( If IT 1S The SAME AS 
SEEN bY The Two obServers, 


Our Picture of TWO Such SCA STETING EVENTS occUrriNe IN The PAST 


AT Ta, Ko which MomenTUM TR and Amplitude lip? And is The future 


AT Te, Xt witht Momentum Wi Aud AMPLITUde 1X> ATE CONNECTEd 


bY The Present wiTh A MEeASUrERDLE MOMENTUM W3 And AMPLITUdE IDD 


Z Pe , 1X? 
> hol | 6 
iis ta PR, 1D> 


Ze 3 TIMEé 
Ta, Ya. [7a P  Ipr 
The combined SCAITENG AmPLITUde 1S ThuS Given bY - 
SCATIETING frm P, ay XB ai Erle-R: Xe) epee te ts) eMC ray| S (ete ee) 
3 


: If we réguire This evewT TO bE LTELATIVISTICALLY INVAYIANT The ProducT 
cone: As , which 1s independent of POSITION, MUST be NORMALIZED To | 
PATTICLE Per UNIT volLUME, However, IN The MOVING SYSTEM The VOLUME 
becomes comPressed ANd The normALitATION INCTEASES bY A TACTOr of 
, The SQUATE root of The ThinGe Beiwe SQuAShed uP. The volume ecemeuT 
d3iP 1S NoT indePendenT of The facor find IS NormAuzEed bY diutdine 
by ZE, the L ENTErine by force oF hABIT. SunminG FELOTIUISNCALLY Then 


Wwe rEQuITE 
>! = j cl 
(2n)?2E 
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The SCANERING AMPLITUdE becomes 


+i Pye +6P, °K 
ex ae" Nitp-xale : 
where The fuwcnon N is fA fowctrow of The distance And UiMe SePArATING 
The Two EVENTS SP ¢ -i( {app e t - BP cK) 
Nxt) = J 


(zn) r fate 


The SoLUNON To TaiS INTEGrFAL IS ver? comeLicnTed ANd IS of The form 
ok & BesseL Function which bettAveS IN The followiNe LimimNG 
CASE IN SPACE TIME Time No geet 


e@taR raat 
srAc 
This funcTiON 1S INVAMANT under 


A LOTENTE TANS SorMATION. ad 
ental 


So tar WE WAVE EEN DISCUSSING The CASE where The second even) 
occurred After The first, bb > ta. if The Second Event B, happened 
enruer Than A we ost STAYTT ALL OVEY AGAIN 


«0 


éO 


IN This CASE The SCATTERING AMPLITVdE TAKES The fORM 


é 2 a -~ik- 
ax e Beka Niyy-Kale ie 


wheve we hand To shif{T The Ya ANd Xb Around 
BuT Ts mové MAkeS” The Tuncnom di$ con TINVODYS. To understTitnd 
WhAT AAPPENS WE'LL ONLY Comsidér The Prewa Term for the case of 
TeovxvTa And Try Lia, 


LiehT 


We consider The scAierine Are&® b To Lie outside of The liGhT 
cone OF G. BUT, oddlY, ENOVGh There 18 A SCATIETING nM PLiTUd Ee 
of A PArTULe Teachine b while AT The SAME TIME PESTRICNNG The 
letoht-fe PATTICLE To The Speed of LiGhT, Seems STYANGE THAT This 
Could RAPPEN MPPATENTLY SimutTMNGovsry, If The FUNCTION N 
was O in THIS CASE IT Ww avid be ALL TighT bvT ITS NOT. 
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How can This be! LeTs cal UP our Second obseruer ANd Tell prim 


To COME bY ANd obSErve The sHME ERSE we JUST DreweHeres Whi 
we would hAVE, 3 
ib, 
~N at 
ae 


ns 
ye Time présenT ,observer | 
™ 


Oo oe re ie, 
= ™ 

FirsT, 1 we had A SCHATTEN From G To bis no tine present observer ¢ 
Probiem , THIS 1S The CASE WE described before. BoThe hAVE A IN Their PAST 
And by ‘\n Trere futvré, But whar AbouT & —7 b. To obsevuer | b 15 
eccyrniuG SIMVUITINEQUN wiTh EvenT GA YET how CAN The Particle o¢T 
There in O Timél Weel observer, SEES NO aifficuite WhaTsoevet. BoTh a 
fANd b Are in The Bet bOS PAST ANd FuTVre And he HAS HO Problem 
WHTW INSPANTANEDUS ACTION. Even for The CASE Q-? bi obServuer 2 


STut has No difficulTy Im EXPLAINING The EVENT YET TO observer 


1 
GvenT bes IN WIS PAST! Who ts RtehT 2 


Well, Wwe MUST recall A Theorem from MATH which SATS ANY Sowcnon 
Sit) cam be represented by 


@ . 
S(t) > ie Plw)dw 


Even 1© Fdt) ts diScoNTINVOVUS LIKE 


7Tt 
we CAN STILL ExPress Fit) IN Tais INTEerAL form. ALSO boTh Q And 


$ can be comptex funcnons, (€ we Limit ovrsSELveS To Jost PosiTue 


w'S CfreQuenci€s ) we ONLY COT DOWN Tre Number of fFurctows, Rul 
The Trouhl€ iieS in TRAT Wwe caANn'T KAVE boTW The Rent ANG IMAGINATY 
PATT EQUAL To tero over A fimire Period of Time, 


Therefore To tind N( x,t) #0 over A FINITE Time Period we have N2 


WAY ovT. ORSEerver © must record The ExXPECTEd YESULT SO WE CONCLUDE 
we Left SomeTWne ovuT For observer | So ThAT he CAN EXPLAIN what 
hapPenS when Tb 2Ta. we Need some wht To exPAnd 


Kp ete Neggexape 
for The Intermed ATE STATE ( AS ObServer 2% sees iT) of The form 
Z£XIRIY cdl AILYP> 
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WIITING OUT EXPLICITLY AGAIN The €xPreSSION for The SCATIENING AMPLiTUdE, 
i(é.T, -PR Xo) ~- ilerc T»-Ta) - TP Xb-xal| -v CEtla - P, ¢ Ke) 
ne @ e e 
We see when TheTa The formot this equanon CAN ONLY be 
Wepr if Ev tS NEGATIVE Durine The INTE, mMEdIATE STATE. 


Bul, ALAS, We ATE SAVED bECAVSE IN A SPRCE-LIKE TEGION The 
function N CX b-xa) = N® its comptex CONJUGATE ANd We Thus 
CAN write et CEL CTe-Tod AoAin. BoT In SO DOING we hAvE CreAted 
ANEW PATTICLE BH WITh Eweroet Ey = VutrPs 


AAt TPS 
INCOMING i 
New 


MOMENTUM 


CLT EOIN © 


PAIR ProDucTION 1S ThuS NECESSARY YoR RELATIVISTIC INVATIANCE. 


If we Look ONLE AGAIN AT our gOoTKER oObSErVErs POINT oF View 
we PEALITE THAT ITE CAN QUITE CASILY 
whiT€E BOWN The usual And €x PECTe ID 
SCHITEMING AMPUTUGE., WE CAN TnuS 
MAKE Avert Profound STATEMENT; 


THE AMPLITUBE of PAIR PRODUCTION 15 


EXACTLY Tne SAME AS The AMPpLTVde ot 
ScATTENING AS SEEN bY The MoUING observer, 


The scAMERING LewS ToS Lon rPleTelY derermine PAIR PRODUCTION. 


AsoTher WAY of writing This 13 To define AN operaTor ASSocIATEd 
wiTh The Effecl of SCA TIET IMG 4 So The Product of The Two EvENnTS 


iS SIMPLY 4 (a, Ta) 4 (X,Tb) > 46a) 4b) 
IN The oTher Coordin ATE SYSTEM WE hnhvE qc {cay so ThAT The 
E@VAULY Above cAN be wrtiTEN 
(Cb) 4 (a) 2 {cal 4 ¢b) 
providéd Gand b Aare SepAtATEd br A SPAcE FEGION. 
Which WE CAM were-wriTe int cCOMMUTHTOR form 


L joo , Aro] =O 
Twis Ther constitvTe ss The efsic ASSUMP TON of cauSAuTY ThaT The 
Ofer nreS COMMVTE OvTSIDE The LIGHT COME. IN Q-M The commuTATor 


Ok TWO ObSErVAbLES VANIShES ONLY If Trey PRE KNOWN SIMULTAM E0USLY - 
THATS ovr An ALlooue. 
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FEYNMAN’S Theory 


CLASSI CALLY AN ELECTRON cAN MOVE IN E€IThEr DirEecrioN ALONG The 
X AXIS buT tT MovES ONLY IM The DIRECTION Of INCTEASING TIMG, 


For A free CLECTRON, 
p=tdmze 


CLASSICALLY we ONLY conSid€r The + SION 
The moriom CAN bé degicereo IN The followme DIA CrAM, 


t 


But P=-{2ZmE ts ANother vALUE OF MOMENTUM boT WAAT does IT MEAN IT 
HAVE A NEGATIVE VELOCITY, We CAN describe The MoTION bY SAYING The 
ELECTYON tS MOVING BAcCKRWALD im TIME. A Dfcram of The siTUATION Is 


| 
| 


to Tt 


ELECTYON MovING bAcKward In TIME ELéCTrON- posiTrom ANNIHILATION 


In Lf The €tectrom arrears Twice for TeTo but Never Appemrs for t >To. 
The proces§ LooKS very Much LIKE Two PAYTICLES comin’ TocETher 

find ANMIKILATING. The €lecTrOoM Moving bAcKWwWATA IN TIME behaves 
ExAcTLyY AS A POSITRON MoVine forward iA time 


WhAT Do€S THIS ALL MEAN? 

when There 1S PAIT-CYEATION of AN ELECTRON ANdiTS ANT: PARTICLE The 
POSITRON which IS ExTremeLY Short LIveD. ITIMMEDIATELY CoLLines wiTh ANoTher 
ELECTYON | boTh ATE ANNIMILATED ANd offcoes A GAMMA TAY. 3 SePATATS PANICLE, 
A Positron ANd TWO €tecTTONS Seem TD be imvoLved. Feynman's Theory CLAIMS 
Theve 1S OMY ONE, The Ele ron. 
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Whar we observe AS f* POSITRON IS SIMPLY AN ELECTRON MOMENTATILY back IN 
Time, Because ovr TIME IN which we observe The evenr Pruns Uni formey Porwhrd 
We SEE The Time- REVEFSED ELECTYON AS FA POSITRON. WE Think The PoSsiTToONn 
VANISHES when 1T hiTS PNOThEeY CLECTYON AS —teResrPROmbuT This 1s JuST The 
OTLGINAL ECLECTYON rEeSUmMING ITS Forwhrd Time di TECcTION. 
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Reverse Ber A DECAY Would ENTAIL coLtisioN of AN ELECTYON, PFOTON ANd 
ANTI NEUTYING Sholb From SAY The far QeAchEs of SPACE TO ONE POINT. 


* ONLY IN hUMGN CONSCIOUS NESS IM The GA@x wAY Process of @Y ovr Minds 
cAN Time have A UNIDITECTONAL MOTION. 


* STATISTICAL LAWS Provide The mosT FUNDAMENITAL WAY To dEfINEG The dirécnow 


Of Time 1.8 rereversi bie Processes which decrense ENTLOPY ATE EXPLAINED STATISTICALLY, 
Tas, however, I$ tot STricTLY TrVeE 


CEVTAIN WEAK - INTEFACTIONS AVE APPATENITLY Not TIME -réEVERSI bLE, 
- CPT Theorem: 


(¢) Reverse charce ANd maAiTEr Becomes ANTI - 


(guy Reverse Part? 
STitt ExisT. 


MATTEY €.6. A STONE IS AN ANTM STOWE 
ANd The Whoté sTrucTure would Generate ITS MiVror IMMGE dbUT 
YANG And Lee ,however, found A VIOLATION here IN WEAKER INTErACTIONS, 
However, SYMMETEY cesTored by reflecrTiING The €vEenT iM A CP mirror. 

Bal, Too, oTher WEAK INTECACTON VIOLATE CP. SYMMETRY, 1.6 
(uit) Reverse Time ANG CP VIOLATOrS Are StmmeTrizEed 


Time feversAL IN AN INTEGCAL Parrot reLaATiVITY, 
Some paRTICL€ EVENTS Are BELIEVE TD Gor OuLY IN OME TIME dire cnOon 


NOT ALL DupucaATes ExIST. 
wt A CPT MirrorR, 


© To PLESENVE ThermAt EQUILIBRIUM TEGIONS OF POCKETS ExIST WhETE EnTroPY IS INCTEASING 


And others Where iT 1S decreas im@l 1&., from disorder To order), The ‘BiG TSANG” 


WAS A MOMENT ot Colossfl ENTroPY déecreASE. Bul pore To TIME TEVETAL Thay 
ENTTOPY DecrtASe. 


» Time ts RELATIONAL or RELATIUE LIKE UP And BowN , RIOT find LEFT. LorThR wo ABSOLUTE 
Time Arrow ouTSide AN EVENT WE CANNOT Fx ITS DifecNon. 


» A Time+ rEevEers€e GALAXY would wot bE SEEN SINCE LIKE would be rAdLATING 
TowArds 17, Tne memories of BbservEerTS IN TWO GALAYIES Would bE RUNNING bea OpposITE. 
lf You TALK To A Gey, he would INSTANTLY ferceT iT dbechuSE The CVENT would 
INSTANTLY become part of his doTu re fATher THAN his past: 


en 


Spin ANd STATISTICS 


if The Two PAarAmeTeEers XK, $ ARE noT Pure SCALArS bot raTher Sunmcnons 
of E, And Ps Then we WAVE TO ISENTIEY TOVO SETS agi ANd %, (3, 
As An €xAMPLE _1F KF Es Then 


Pes Sie x) 
NO%,t) = j ae ?P Es 
(zm 2 ¢; frtPe 
WE CAN GET AOUNd TWiS itNTEGCTAL tf Wwe TAKE 


48, NOv,t) < £3) eRe d3p ent CEst tPA) 
QQAP 2 QuP2 bat 


WIThOuT GOING INTO A LOT of DETAIL Tre olkery PaArameTer oa 1S Guéul 
by The NecATIVE OT K or W Tris CASE -E3, More GeverAll? a= Kx (-E3,- 7%) 


Fre 

The Problem mentioned AT The BEGINNING *Z Does NOT follow 

ImMmed ATELY from our EQuaTow for The SCATIETING AmPLITede. IN FACT. 

The EXPLANATION IS very ELAbDOrATE boT } have Worked ONTWIS Problem 
ANd Tus 1S The best 1¢CAN dO — fer THAT | APOLOGIZE. AGAIN WE 
ChooSG A MEGATIVE APPTOACh TO ShOw That Thines won'T work out 
UNLESS WE vse Bose STATISTICS for SPIM hk, Ké, The sem of The 
ProbmbuiTi€éS 1S NOT lrarns out TO be The reAl Problem. 


SINCE we Now haAVE PAIT ProduCNnoNn ESTAbLShEed pbé, IN The SENSE 


of virtual ProducNnon we muST ALLOW for The BOSSE LLY of 
TEAL PAIC ProducTION where AN ELECTYON ANd POoSITYON ARE POTUCED 


We with dewoTe The AMPLITUDE To ScATTEr bY QO FN The ProbAbility 

of SCAITETING bx Clalt Siwce we cAN'T ALLow The foTvre To depend a 
ow Tre PAST The Sum. of The ProhAhiLirrPes MusT be one. Herein, 

The Trouble ties. IT POESN'T AWAYS EQUAL ONE. 


Considerine firsk AN ELECTTON STATING Our JN SOME INITIAL STATE 2 
ANd ENdING oP IN The sAME STATE we hhve To CcONSIdér Three Possibl € 


CASES AY : . 


NO 
geaneeke Cl PeveTrATAN 
; AMPLUTUdE Lictic}a 
L = 7 rs 
t 2 
Zero order ScATEMML first order Second order 
ProbAbiLiTY To 
SCR TARO omiltéd ProbahitiTY MOT TO 
clal uv SCA ITER 
v 
I- clal 


WE SEE IMMECIATELY The ProbAbirity WItllL ONLY Add To one if The 
CONSTANTS AYE Tre SAME, 


TD) 


IN The RelLATIVISTIC CASE IT Witt ONLY be with The help of STATIsTICS ThaT 


EVEVY THING WORKS OUT FOR US. TO beGIN WE CONSIder A VACUUM IN WHIch 
we hAvE TEAL PAY 


Producriomn. The ampertode TO crentTeé 


A PAir 1S ProPorNoNAL TO The POTENTIAL &@ SO The fe P 
ProbAbiLiTY To MAKE A Pri 1S X1Qal* where X 
tS SOME CON STANT. 


Qa 
We STAYT wiTH NOTHING And Go INTO NoThin©, THAT IS Pftic ANNI hil ATION 


LEAdS US bACK INTO AVACUUM. The Amplitude for NOTAIWe TO haPPEN mMosT 
be |. The Amputude for Twigs ProductNon ~ANMNMILATON IS 
so The ProbA biity to GET NoMWING IS 1 Ktat 


WE MUST COMSIdEr ALL PossiblLE EVENTS ; They ATE Tre follLoWING for AN 
ELECTTOM IM STATE & To Sirst order SCATIETING 


~S COKER 


ProbAbitit®’ To scaier = chalet 


ProbAbitit To Pair 
+ Produce Alale 
é 
Now cOoNSIBETING The CASE When NOTAine haA PPENS we have Four POSSIBILITIES: 
a 
1 , : 
t : 
7 ‘ 
i 
Amputode ' coi 7 . * 
0 “3 Cctec') al -$(d4ed')fa 
Sc WETING 


. a 
— 4¢x+¢x') lal 
ProbAbiitY NoThing kApeens = b> clal® - dialt — x10 

PLUS Above CASE 


+clalt + Xtal® 


— dial” 
Taur d ¥0 So we have A Siete 


; Mm. d itSEls = PAI, ProducNon 
im STATE 2, Weos€ sTATISTics STTAIGHTENS This Drab ceeded Becnuse 
iT STAVES ThAT The e LECTroN IS NOT NECESSATILY The SAME IN STATE? 
The ACTUAL 


Proof of how Juris STTAIOHTENS OUT The Problem 1S va 
Quite dithicult ANd | APoLoRREs AGH Sor Wor have AN EASY Proot. 


We WANT To EMPARSIS in CLOSING TWAT for PosiTive freguenci€és we 


CAN'T Wave sprendine faster Thu The speed of LlehT so ONE MANS 
ELECTTON 1S ANOTRer MAN'S POSiTTON And ThaTs 


ALL There 1S To fT, 
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CHAPTER, 15 
A tecture on The Sotar System ANd 
OTner UNVKELATEd Phenomena. 


Today | AM GoIne To TALK @bouT The SoLAr System, Beer YeT, post bilS 
andy pieces of Thinos | have Picked ouT Of The SEEMINGLY INTINITE 
AMOUNT Of MATEVIAL ON The subJécT To boit IT DOWN TO A LécTure, 
WhaT The hetl am | SuPPOSE To Do? AloThHING SEEMS OYGANIZADLE, EAch 
Week IT GETS harder And harder TO MAKE A Sensible LEcTUre so NEXT WEEK 
We'tLL hAve A MOVIE -on The SUN = A Good Owe NEVEerTnetéss ANd PerhhPs 
Twill Give Me mw ChANcE To geT Ahend of You Gus, 


Cosmic RAYS 


A whiieé bACK we byreflY Discussed cosmic RAYS ( Those NOTES have NOT been 
TYANSLATEd YeT IM ANTICIPATION of This LeCcTUre ; however, Derine The INTErIM 
They Seem To hAve been hidden ANd MAY NEVEY be recovered). They hfve heen 
SEEM TO CONTAIN Sock Thines AS Lithium, Rerytltium ANd Roron Probably? 

by The SPALLATION Process MEWTIONEd before, |r APPEALS TO oor besT mensore- 
MewtS ThaT The Cosmic rAY Bombardment is ComPLEeTEeLyY ISoTTOPIC AT The 
EAvIn’S socftnce, Further we ATE NoT Movine ThroveGh The cosmic rAYS 
because There Is nto observed TAIN eEffecT (1.2, A POONdING From The trONT 
AS we CON INTO Them), If There Ave Clouds of Cosmic TAYS Then They 

ATE Moving wiTh The Same RELATIVE MOTION! with The WhOLE GALARKY, 


The ExispTeNce of VATIOUS MATE ALS IN These Cosmic THY clouds Is deTermined 
by The ScATETIMG of STAYLIGhT ThrovGh Them. In Fact The CxisTEnce ot 
MAONETIC freLd IN The GALAXY teAds TO A PoLATIZATION of The LlekT AS IT 
PASSES Throveh. This « A TESULT of TON ANd oTher dousr PAYTICLES 

with Ther INTMASIC SPIN CreaTING LITLE Eddy currenTS Such Twat Ther line 
UP ANd CreATEe SCATEMING CENTERS, It hAS been MmMeEASUFEd CIM TYPICAL ASTrONOM- 
\cAL FAShiom) That The Srerd hAS A STrENGTh of AbaveT 107° GALSS. For 
The observed Fraradnvy effect To occur iT 1S SpeculATed TWAT A hicher Freud, 
SAX SKIOT? GAUSS 1S NEEdEd, So MAYbE ITS 1° , MAY bE 7XIO°& who Knows, 
The ESSENTIAL feATUTe of This MeASUTING SEEMS To bE LACKING. ThAT IS, 
They onty tind Tas effect Where The Circutar PolAr! EE ANON IS The Greatest, 
This MEANS WE SEE The STroNGEST FIELAS FI€Ld. BUT how cAN WE COMPATE 
YESULTS When ONE GLOY Looks AT owe STAY A CErTAIN war ANd ANoTRer Guy 
Looks AT ANoTher STAF ANd Uses ANOTKET method 2 ITS ALL FidicuLous! There 
IS No CONSISTENT PATIETN Followed When This dATA IS bEING recorded. 
Wwe dow'T YEALLY KNow If The Field i$, im FACT, ALL over OT NOT, 


The yecord€d ENerex of These rays AT Tre EATTh 18 ot The order of 
fA bILLION electron VOLTS And eréAter. This MEANS The orbiT of The 
Parnes IS very smaALL Even for A fieLd ON The order ot 10°° GAUSS. 

IT is AbouoT 1097 meTErs IN difmmMeETer. Thos The MmoTioN 1S Very TIGHTLY 
Wound Around The field LiN€S ANd IS subSCQUENTLY found TO The 

Lines veSTyicTine The moTIoN — They AON'T ESCAPE VErt EASILY, 
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With The yAlwesS Just MENTIONEd We ALE AbLE To CALCULATE Three Thines: 
(i), The TOTAL ENERGY IN The cosmic TANS 


4 
(2), The TOTHL ENEPTGY (IN The miAoNETIC Sretd (*/an) 
(3). The ToTmi ENE iM 6OTheE) «6CLOUd MOTION AS IT churns ARrOUNd. 


Ir Turns ooT ALL Tree AYE fhovT The same order oF MAGNITUdE Which 
has LEAd Some To CONCLUCE some MECKANISM of EQUIPAITITION To AccounT 
for Twis, One wav te Think of The mechanism 7g TO PICK A UNIT® CUbE 

of SPACE ENCLOSING Some MroNeETIC fretd LINES. if The cube ts SQuashed 
LATErALLY The LINES GeT Closer ANd The Fi€ld GETS bIGGER. When The 
Cube ts compresse® from The TOP ANd BoTTOM ,The fietd GeTs 

WEAKEr AS The LINES Are forcem ourward. There are 
Thus, Two ovt of Three PossibLE MOTIONS which TEND 
TO INcrEeAse The Eneroy. However The conTYACTION 
CANNOT Proceed uNChecke d becausé EVENTUALLY The 
Enerey IN The Sierd causes The Comeressron To STOP 
And UsuAty Yeuerse. The windine op of These fiétd 
LINES 1S LIKE PUTTING some féd feod CoLOrING IN 


A BATCH of TATY ANd Theat PulliING iT ovT. The 


LINes of REd WILL become Closer ANd CLOSER AS 


The MIXInGg CONTINUES, Angther ANAL ACY is PUTTING 
PAINT IN A bocKET And STIrrING IT IN. 


The enerey im The cosmic rays CAN be dISSIPATED Over LONG Porloes 
of TIME. ITIS CALCULATEd, oF ESTIMATES, THAT The rAYS hiT A bovT 
Senjemt of HATER before They reach US. AT SOCK : ae 
rare tT would onlY TAKE About fF Seu milion YEArS betere It 
Loses ALL ITS ENETCY. Therefore, The FAYS CouLdNn'T WAVE beEEeal coin 
LNG before They rerched us. This MEANS There musST be A Source 


of Cosmic TAYS WITHIN The GALAXY, IT 1S SPECULATED That The guPer- 
NOVAE Could bE A POSSIBLE LocATION of The Orie@in of cosmic FAYS Since 
The? GeNEeraTe Such TTEMENDOVS Power AS The Blow UP. EVEN CONSIdENte 
Theiy occurven Ce IS AbooT ONE Every hundred year Ther stich Generate 
About Fifty Times AS Much ENEevey Needed TO ACCOUNT for The cosmic 
rat €Nerey, We dox'T KNOW how Trey Aré Produced ANd Twys don'T 

UNderstTANd Much AbkouT Them, 


These cosmic rAY cloud ThAT WE'VE beEN TALKING AhouT hfrve dEEN 
observed ALL OVEr The GALAXY, They fre 10 Parsecs ACTOSS frnid About 
30 PACSECS APART. The MASS of CYAP IN A TYPICAL cCLovb 1s A bouT 
SooomMoe, They Pose A Problem To vS IN Terms Of EXPLAINING how They 
CAN hrve | such A bie MASS ANd STAY LUMPY. GrAviTY ALONE WoN'T 
suffice. IT iS SpeculATe ThaT AT The low etd INTENSITIES INVOLVED 
The overall INSTAbDNLITY of The GraP GenerATes forces which Add TO 


That of Gravity, ALSo They Move More or LESS VANdomLY AT A 
speed of S Km/Séc. 
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THE EARTHS MAGNeTIC fiELd 


While I'M ON MAGNETIC Fieuds, The €AtTH WAS A Very INTETESTING ONE. 
The fietd ts observed To ChANGE FAPIMLY? due Te Currents IN The 
CUTEY TEGION SUYPTOUNDING EARTH. There 1S NO KNOwn 


field Inside The EAFTh, Now most of The fructuATONS Loe ay 
In The fietd Are biAmMEed oN The SUM ,AS YOU ALL KNow, \ 
Solar FLATES, The SUN SPOTS And oTher Freak Phenomena aa ‘ 
pmisFrupy The Charge distribuTloN IN The Sorroundin& 4 kK) \ 
SPACE ThuS CAUSING The ChANGES, WE Are Also Aware j \ 


THAT The TrVEeE MAGHETIC Pole 18 NOT AT The Trué | yt 
North POLE buT is Aboot 10° Of Ff somewhere IN CANAAA. 


IN PINCIPLE we Should be AhLE TO TELL if The Sources 

of The Fierd Are INSIDE OR OVLTSIdE The EATTH. ThaT 1S, 

BY werkine wiTH The MAXWELL EQUETIONS, TRuT A STANCE cee ae 
Thing , while ig Beers The GenerAl North -S0uTh orlENTATION, S 

iT CEvEFSES IT DITECTION AbouT ONCE EVETY 100,000 YEATS or $0. 

They can Find This oof SUDING VArious rock formATIONS ANd observine haw They 
Semed, The fiecd tS PErPETUALLY CAUGhT UP IN The €EArThs CorioltS MOTION 
ANd oTher TWISTING up effects of The €ATTh. The Fiétd 15 Alwhys 
INCYEASING ANd (S LIKE A SELF-ExcITEd DYNAMO, MAT is, iT 1S NATUTES 
Cun = DYNAMO, 


Bur if 1s AN srvégutAR DYNAMO AT besT, The Problem of reéversiING The 
Pocarity of The Poues rently pesTroyS The Theory | wAS Work oN. The 
Model 1 fAtrived AT Doesn'T work because iT 18 Too SYMMETTICAL, The Problems 
Introduced BY The Ligurp core ( 14 T 1s UQUID), The ASYMMETHICAL ShAPE ot 
The PLANET, ANd MLL The rock MoTIONS, ETC MAKE IT VEerd DiFfFicoT TO 
Shbricnte A G0od working Modet. White ( Think mY Theor IS PIGAT, 
LeantT Work iT ovTt. The ciftcolLATIONS of correEenTS WITHIN The CATH 

ate unsireAdy, As Thex Add TWGETHer The fierd buitds TO The POINT When 
The cuvrents reach The surface And Somehow CHhuse The FLIP IN PotnmriTy. 
The ritndomness of The distrthuTon ot curreNTS ¢t3 WhAT MAKES ThE 
Prebiem so pifficolT. YeT, The srmmetyy And Perfectness of The mipore Fierd 
OUTSIDE The fe Encrth Presents # FTeAL MPSTErY AS To rrow ALL The 
INTEFNAL DIPOLES - OCTOPOLES MockKoTOPLES , SMocKTOPOLES ADD uP, 


The Pursury oF F SOLUTION oF The G@NdersTAN DING Of The enrth's fietd 
$t— 1S A CLEA EXAMPLE of What SCrence 13. Thad IS, where we 
STAryT DVT TO sorve A PROBLEM ,N€vér Do, but MAKE Tremendous 


CONTYibUTONS TO ovr WEALTH Of KNOWLEDGE ON The WRY, 
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THE SOLAR SYSTEM 


FINALY WE GET DOWN To The TOPIC oF The DAY ANd Discuss some of 
The Properties of The SOLAR SYSTEM, | will be Groppne for Thines To SAY 
ThAT ATE INTEFESTING BRecAuse «ir wovtd STArTLe TO MANY PEOPLE WHEN |! 
TétL You There 1¢ A SUN AbouT which The PLANETS TUrN. The PLANETS LYING 
ESSENTIALLY IN A PLANE WITh SLIGHT DEVIATIONS, 


The PLANETS AYE LOCATEd bY A ThiING CALLED Bode Recarion which ASSIGNS 
The envth’s distance from The SYN AS UNITY* The oTwer distances ate found 


by othe revanow 6a (0.3 x2") 


PLANET Rode's Rel ATION 
riercury O.y & 60.3% 27') 2 OS 
VENUS 0.4 + (03x 2°) = 0.7 
GAYTh O44 (03% 2') = 4.0 
MARS 0.4 4 03« 2%) = 1G 
NhsTeroi0s 0.4 + (0.3« 23) = 2.8 
JUPITER O.4+ (0632 24) - 5.2 
SAvurn 0.4 + (0.3% 25) = 10.0 
UrANUS OM + (03% 26) = 196 
Ne PTUNG O.4 + (03 27) = 38.8 
PLutTo OM t Cozn 28) = 77.2 


Pluro is A UITLE odd IN THAT ITS orbiT comes INSiIdé ThaT of NEPTUNE. 
PLUTO WAS ‘Triscoveted AtTer careful PerturbATIONS of NEPTUNES OCbiT which 
Le&d To The PredicTION Of PLUTO. IT WAS Fund IN 1938. IT WAS AT ONE 
Tme A SATELUTE Whie of NEpPryNe- MAY bE. 


We once MevTioned TWAT Aboot 98%o of The TOTAL ANGULAr MOMENTUM Of 
The Sotfr SYSTEM 15 CONCENTIATED IN The PLANETS j IN facr, 60°%0 IS IN 
Jupiter ALONE. ALL The PLANETS ATE GOING ATOUNAS The SON IN The SAME 
DIRECTION ANd €ACh SPINS AbouT ITS OWN AXIS. ThiS INCludes mercorr 
ANd VeNus Which we oNCE ThouGhT TO ALWAYS have The same Face 
TewArd The SuN. THAT IS, The roTnTe AbovT Their AKIS ONCE Every Time 
They revoivé About The Son. Uranus 1S UNUSUAL |N ThAT ITS AXIS oF 
TOTATION 1s THTEd 9GS* To The eEcuiPTic ANd, IN FACT, IS SPINNING The Wrone 
WA? ( RetroorAd direcmion), More receNTLY iT hAS bEeEeN observed ThAT 
Venus POSSESS €5 fA TTETroerAdé MOTION ANd ITS AXIS IS AT A LATITUDE ANGLE 
of -8S*2° Ww. Mercury roTATes AbouoT 1TS AXIS ONCE Evert S9 DAYS 
Whiie TEVOLVING AbooT The SON IN BSBAAYS., 


Then There Are The ASTETOIDS ANd Meteors, The mereors beinc Ler over 
crap from COMETS , Whenever WE PASS Throuv6Gh These THINGS Wwe 
CALL rr A meTeot shower And of A rock Survives The ATMoSPhEre, 
we cALL iT A MeTeor-iTe. 
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Comets 


MosT oF The comeTS we observe hAVE AighLY ELLIPTIC or biTs Which carry 
Them BUT bwEYONd JouPITER. Some of Them, however, Go ovT So fmr That 

IT TAKES Them ALMosT & MILLION YeArS or SO To come TRACK. IN FACT, IT IS 
hard To SAY whether or NOT They Are ALTUALLY deoenerATE PArAboLAS, 

Iv tS Theortzed THAT AS They come In Toward The sun The¥ Are deflected 
by A PLANET (MOST LIKELY VUPITEr) find lose@e ENETGY TESOLTING IN A CAPTUFE. 
CurrenTLy There Are NO KNOWN COMETS WITH A WYPEerbotic orbit. 


The Comer has A Solid NuctevsS “uP Fronr” Which very SMALL, ONLY floouT 

R KiLOMETET IN DIAMETER. AT A dewsiTY of About SxKiot PAYNcLEes Per am. 
SurrousdiINe The Nucleus IN A Mftss of GAS cALLE Ad The COMA, iN Which 
Né€Arly A Thousand differenT AbSorpNom Lines ot VATIOUS MoLecuLes AANA 
Amms HAVE SEEN Observed, LIGHT tS EMIMEd by A FlOREScence rerAdiATION 
where The bands resutr from A TreSOonANT of vibrATION INTO AN UPPEr LeveL. 
ThAT 1S, SUNLIGHT hiTS The MoLecuLeS ANd EXcITES Them TO hicher ENERGIES 
LEVELS Which Im TurM, re rAadiATe The ENEYGY AS Ther “FALL” bAcK TO Their 
Gounb STATE. However The Son has CETTAPN Fraunhofer LINES Which lend 
To GAPS IN The SPECTYA @from The comeTS, These Lines ATE Produced by 

The Absorpnow of redtANT ENEPGP when The ovTer ELEcTYONS Of The Atoms 
ComPosin 6 The ATMOSPhETIG GASES of The SUN JUMP To hieher ENECOY LEVELS, 
So ThE MISSING LINES CAN BE Cx pLAINEd. Even Tro The pomnT Thar ALL 

The pieces of The PuTECE PIT So WELL TFOCETWHer And hnve reproduced The 
Comet SPECTTA ON COMPUTETS ThAT We Think we Know whaAT we ATE 
TRKING About for once. 


Mostof The MATERIAL founD IN comets Aré MOT UVErY STABLE > THIS 
'S WhY SUNLIGKT EASILY decomposes Them. Some of The more Prevalent 
ThinGs observed Are: OH, NH, CN, CH C2, C3, CHT NHz, Na, Fe, COr* Cot, 
The vad ATION Pressure Of The SONLIGHT Is BELIEVED To The Tre re RON 
why The 6 motecoles AE driven INTO The TAIL AS WE CALL IT. 
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Radar Astronomy 


A more recent TEChNI Que for MAKING ASTTONOMICAL HMEASUFEMENT 15 bY 
SENDING A Pulse of YAdiaTION TO AN ObJecT ANd MEASYTING NOT ONLT 

The DELAY INVOLVEd IM GETTING IT BACK bot Also The . frequewey ShifT CDoppier 
Shift), Thus we CAN Mefsure both The distANce To The obver ANd ITS 
TELATIVE VELOCITY, This MeThod has beew Applied TO Venus, The moon, MATS, 
Mercury And JuPITES, Best Success WAS been obtained From VENUS ANd The MOON, 


This Technique cAN Evem beused To Explore” The PLANET bY SCANNING The 
suctace ANA recordind The ToTAL ReflecTioN INTENSITY. CerTAIN surfice 
SeATUIES CAN be Observed IN This WAY. RoTATONAL MOTNON CAN be checked 
Usine The DOPPLET ShifT ArisiNe’ From The PLANETS MOTION Towrrds ANd 
Awar from us CAUSING DifferenT detayS over The surthce. 


We CAN Check The PLAwETATY OrbiTS And MeASUre The SCALE ot The SoLAr 
SYSTEM. The ASTVoNomICAL UNIT 15 The €ArTHS OrbiT rAdiws which 1s Now 
fixed AT 149,596,000t 1000 KM or 99-008 LiGhT SEC« 


1 Be 


ROTATION of MERcuRy 


LAST TIME WE WEE TALKING About RAdAr ASTTONOMY ANd how lT was 
VSEd Fo MAKE POTRTIONAL MEASLTEMENTS Of Mercury ANd VtwoS. TodAr 


SINCE | dow'T hAVE The movie | Promised YOu | Witt CONTINUE This diScussion 
hecAvSe iT IS VEY INTECEST ING. 


We recAll THAT The Period of TevoLUTION frroUNd The sun 
ToTANON AbouT ITS AKIS Occurs Once Every 
$9 1s AimosT */3 of 88 dAy, 


if 8B dAYS While 
$9 dAYS. IT Turns OUT ThaT 
So close iWftcr That it ras LeAd To A Theory 
Which seems To EXPLAIN HercurY’sS STYANGE BeEhAVIOR. } 

Mercury'S otbir 18 ver? Eccentric MOBh More So ThAN ANY PLANET. There 15 
Thus A PEeriGee ANd APOGEE $B Which 16 QUITE ProNovAlced, Further Mercury 
ITSEL¢ 1S LoPSided ANd ASSUMES AN ELLIPSOIdAL ShAPE wiTh Three 
UNEQUAL AYES. There 1S Thus TidAl forces created IN The Body which 
AYE GewernTed by The SUN TendiING Tomi TURN The QutdruPole moMmenT 
Towhyd The sun. Assume The prAweT STATS ovT AT ITS PERIGEE 
OW The side diAGrAm with ITS Lowe AkIS PONTING TowArd The Sun 
If we Fottgw The PATA we See bY The Time Mercury re 
reaches iT APOGEE IT hAS GONE Throuch #74 Rev- 
OLUNONS And hAS ITS LONG AKIS PEt PenmdiculAr 
TO The Ted Ae Force directed AdiALLY Townrd The 
SYN, TniS Seems TO conTtndicTwhAT we Sarid AbouT 
The LONG ANS FrLWAYS pontine TowArd The sun- 
BLT NOT FEALLY, Whide The minimum Eneror 15 When 
Tne LONG AKIS POINTS TOWALTd The sun The MEnM THAL 
ferce on The QufdruPoLe€ is sritt POSITIVE, BY The 
Time iT comes bACK To PosiTION 4 The 
GONE Throuch Ih TOTATIONS wiTh 
POINTING Towftd The SUN, 
DYNAMICAL SENSIBLE. 


PosiNON 0 


() a 
PLANET has o4 
iTS LONG AXIS STILL 


Moreover The mMoTION IS STABLE ANd 
How cAN This be? 


WE KNOW These TIWAL Frichon forceS Tend TO Stow The PLANET 

PeweF DOWN. But There is) owl A StishT STABLE EQUILIBRIUM 

AT $9 DAYS SO The TidAl force ACTNG LIKE A cOWSTANT Force 

PUShING IT ON PAST This E@Quibibrium trom hicher freQuencies. 

How is «T STOpped From GOING over The OTher Side ? rote 
IT SO hWAPPEens when The PLANET IS MOVING FAST 

Throveh tTS PériGEE The SUN APPCATS TO IT To be 
GoIne bAcKWATd In The SKY ANd The TidAl Force 


TEVENSES ITS StOM JUST ENOUGH TO CAPTUTE The PLAPET 2 oo LL Lt jo 
Aud START iTS 59 DAY ROTANON, $9 récion of 

STABLE 
TAS tS very NEAT ANd Seems To FiT PreTTY well wiTh MOTTON 
ObSETVATION, 
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RoTATION ot VENUS 


RecALliN@ AGAIN LAST TIME we SAid The Period of Venus’ Year wAS 
22S JAYS white ir reTAted once Every LASTS days. But There ts 


IS SOME THING FR VErY STYANGE AbouT VENUS Tant We have diSclosed 
With our YhdAT ASTRONOMY, ONE Side Of VENUS is ALWAYS Towards 
US when The PLANET Is The NEArEST TO VS - Which WAPPEN Every 
S84 dAYS. There 1s An “observa ble" SPOT ON The PLAMEr Which 


SCATIETS fr LoT Of The radar SIGNALS. This SPOTS 1S ALWAYS IN The Same 
POSITION Dorin ThiS close Approach. 


FirST We frove SOMETHING 1S The mater WITh The INSTRUMENT oO That 
SOME EXPLAINATION CHm bE SowNd OTher ThAN The ASTrOLOGICAL EXPLANATION 
That €ATT™H “controls” The monom of venus. So The Theory ThaT Seems 
To EC¥PLAIN Mercury WAS APPLIEd TO VENUS, The Possible TAAL Sorce 
GeneraATed by The EArth could NOT be ProPerLyY used TO EXPLAIN The 
CAPTUrE MechawiSM. Another Sorce WAS NEEdEd , A FrcNONAL ONE, Which 
would ACT AS A dAMPENING Mechawism Which would be sosT mekT 

To dampen The predict 30,000 YR. Period. This force was eExPiAiNed by 
ASsumé venus has A LIQ@vid CORE Which IMPLIES INTErNAL SyICTION, 

THiS EXPLANATION WAS NOT MEANT WiTr A GreAT dent of SuccESS ANid The 


Whol€ ISSUE TEMAINS AN OPEN QUESTION YET AS NEW BATH IS 
CoLLECTEd ON The TOTRNONAL MONON IT SEEMS TO DIT Moré ANd more. 


< 
So, In FACT, IT MiGhT TURN OLT PET ThaT WE frre CONTYOLLING 
VENUS Nd CAM AVE wild ASTYOLOGICHL OVETTONES. BuT AT The 


SAME NAME This DOES NOT EXPLAIN The TETrOCrAdEe MOTION AT ALL, 


MAYbeE There tS SOMETHING Pecuri~r iN The MeRSUrEMENT Which 


wé hAve tound YET. Perhars , The LiLe PEOPLE UP There Are PEEPING 
bACK TO US Some form of DATH ( LIKE our Period of TEVOLUTION) IN Al 
efbort To COMMUNICATE W\Tn Patan frNd here WE'TE ThINKING UP 


ALL These cCrrty Theories hopefully Lookwe for A Locichl Ex PLAN ATION! 


IBS 


THE SUN 


WELL iow went TALK AhovT The Sunt. As Some of You KNow 1T 1S A 
bie bALL of HOT OAS TOTMMNG AbouT ITS AXIS ANd SpitS ouT ALL Svrts 


of crAP IN The course ot revotu TION. IT SPAS faster AT ITS EQUATOR Than 


AT iTS PoLesS. The AnoutAy yetocit’ Is fiTED TO The followinG EQUATNON, 


Ws 14.38°- 2.773 m9 d €orees 
JAY 
Where @ 1S The taANTUdEe ANGLE, 

The jwreres Tne QUESTION To ASK IS WhY The ball POTATES LIKE Tht IN The 
fivST PtAce. The earth does bout ITS A SoliD MASS -or PresumAbLY SO. BUT A 
Bratt ot Liquid uke A Am Drop weld Spiw foreves ANd The AMPguULAT 
Velocity woud be The SAME ALL over The Sphere. The whole bait oF GAS 
IS Obysoust® WOT WV EQuilibyiumM OF ELSE IT WOuld © Throw off ALL The Stuff 


ITDOES. It DOEINT LWWANT ITS Lowesreneroy STATE, AePArEnTLY. ALL of This 15 
NOT WELL Understood 


Strucfuve of The surfice And ATMospher e€ 


The etfecnve suctace IS FTermed The PhotosPhere, Berow Tus carer The oPAaciTy 
BEGINS TO INCFEASE YAPIDGLY ANd ObseruATons SIOP AbruptTry, This LAYEF IS 
Seem AS A hot EMITTING LAYEr Where MOST of The visible LIGhT Comes from, 
Above The Photos Phere 18 The chromos Phere where AlL The JuNK IS SPITOUT 


Fram. There Are & LOT OF EMISSIOM LINES SEEM IW Tne Sheer UM: aheee Are WEEE 


reversars OF The Fraunhofer AbsorPTION LINES, geyond Tesch es nese heke 
IS The CoroMA which Goes out AS FAP AS 2-3 Son radii. 


IT exhibits cowpMNudUS EMISSION Lines from The gcAiTErING OF Sun Liert bY 
MANY FREE ELECTRONS. There is A vert STTONG LIWE AT S303 R Which 


oo rar for Seventy Years. IN 193q iF 

MISSING. The (ONIEATION ee a ou Ban Ce 
PONdS Tro A TemPcrATUTe 

OF ONE MuLioN derees. BuT The dewsity of The cOronA IS vert Low SOUT 

IS Theor zed That Noises Are Generated bx The sun which Shanes The 

Coronf To het SuPPryin& The PoweR TO MAINTRIN This lo®* As The dewsiTy - 

GETS Thinner And ThINMER. LIKE COACKING A WhiP 

There are A Lor of EMPIricRL THINGS Seen When Observime The Son: Tere 

Are SpoT, SpiculEs, GrANULES ,Iplorches, filAmenTS, ETC, ETC, IT IS vEeTy 

difficult To Produce A Theor? for rememberine ALL These ThiNes. 

{ ShAu TTY TO Give A Guide for remember ANce AS WE Go ALONG, 


Rice GrAIns 
The TICE GAIN Structure ATE POLYGONAL LeLlS or SploTches IN The 
PhorosPhere, iT 1S Theorited THAT THEY Are convection CELLS IN 
which JUNK IS comInG Up from Their CéwTer ANd SPILLING OOT. TheY 
ONLY LAST A few mimuTeS but Are AboyT 1000 KM ACROSS 


AmoTher er Ain STtucTURE, NOT Tre rice Orin, 18 CAHLLEd The Super 


GfANULATION where They have A dlAmeter of (8000KM ANG 
LAST About 7000 Secs. 
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Sunspots 


The Spots AppeAc DLACK becuse Their TEMPECRTVRE tS LowER THAN The 
Surrovnding PhoToSPhere. The cOMe IM CYCLES of About ELéevENW Y EATS. 
The smay AT A LATITUdE of AboUT 35° And woRK Towttrd The EQUATOR. 
They TENd To diSsoi_vé ANd bréak UP bot The do driff WHTH The rorptionN 
ANd Some LAST Throuch A couple of romiTions, The spor GenerAaTe A 
Sietd of Ahow (000 GAUSS AT Their CenTER. They Show A DISTINCT 
LEAdING ANd FOLLOWING EdG® in tohich The Pre ceedinG SPOT IS ALWAYS 
LowEr Than The fellowInG one. The fields are different for the 

Two SPotT And The North AtwAys LEADS The souTh POLE Bot Doriwe 
Tne nex Tr crcl€ The Potnarity tS féversed 


A Spectro he tioGrAm 1S usedaTO Observe ONE PATTICULAr WAVELENO Th 
ANd The most ProNOUNCEd pen emisstON CLINE IS The K LIne of CALCIUM, 


\NITHE Taig KLINE The SUN SPpors can be “Seen” before ANd AFTER 
The dié out 


: Pianta 5 
— 


1dY UdATS S dats Wd AXSs 
@ f@ Yc 7 
54 dts ie an 10% dAvS 13S — > } 62 days 


Theré AtSo deveroPes AA dipoce MOMENT MEAL The Pole Witich witt 


SOON diSAPPEAR. The stremoTh of The field reaches A MAXIMUM 
after Eleveny yeArS Then reverses Polarity, 


A Tneory of The SunspoTs was four forTh by Bawmcock. The said 
That INSid€ The sun or riehT under The Surface There are More or 
Less weAK meronennc fierd LINES TUNNING ALONG The MeridlANs, DYE To 
The differemce in rorATION sPEEd Of The SUN ANd The fect THAT The 


Limés Are Ned TO The Suu’ Tne GET Pulte d or botced ovr. 

RETEC Goke Around for several hundred Mears, the fietd —5 
evewrvatly hAS So MUCh EMEFGY Srored IW IT That IT Tries 

To ExPANd fd “FroAT" uP To The Surtice. FinAtey iT 

TerAches Tre 


Surface AN The hump bul6eg our oft The 
Sovrdyrce LAX ER, Thus it APPCAPS AS Am worth And SouTh 
rection dePem dine ON Which WAY The freed Liwes PUN. CAL eULATENG 
The ATEA mosT LIKELY for The bulGed TO beoIn from The difterence 
IM TeMFNON SormutA The Lines GeT The MosT dense AT AbouT 30% 


WE STILL Would LIKE To KNOW Why The filAmMENTS TENd To MOVE TO 

Tre worTnh? LEIGHTON ¢Cleims TnAT SoPerSrAnues exist AS €8 ConruEecnon 
effect tnd Serves AS ITS OWN PUMPING Source, ANY LINE COMING ouT 

of The SUN IS cArréed TO ANY OTREr PLIFLCE IN A rANdOM WALK MANNER, 

If The TRAILING SPOT HAS A SovTh PoLANITY ANd sSiImCE IT 1s A LITLE Closer TO 

The NovTm Pore jyiT will diffuse There faster And is This wae IT 1S 
POSSIbLE do PredicT WhAT The PoLArity should be. Pvt 


Ss @= 
. 
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CHAPTET 14 


A LECTURE ON PLANETARY 
ATMOSPHERES 


TodAY {[ wAwT TO TALK AbouT The recenT INtOrMATION WE hAvE collected 
ON The ATMosPheric G@MmPOSITON Of The NEArby PLANETS - MArS, venus, 
And JUPITER. The Old MATERIAL 1 HAVEN'T Looked ANd SueeesT ANY Good 
ASTTONOMY book If pou So desire, 


M ARS 


FirsT we took AT MARS, AS you PerhaPSs KNown Mars HAS ONLY 
ONE TENTH The MASS Of EFTh ANG one-hALT The rAdIUS u£., KbouT 
ZO000 MILES, JT YOTATES AbouT iTS AXIS IN AbouT 25 hoorSs mMUCh LIKE The 
€AcTh. MACS 18 A féeddish -or ANGE PLANET ANd ThATS ALL -— NO, I'LE TELL 
MOU MORE, - 

Durine The recenT FLY-by ot The MARINER SpAcEcRAST WE WERE 
Abie To MEeASUTE A PhASE ShifT IN The radio TRANSMISSION AS IT 
PASSEd by The edee ot The PLANET. TWAT IS, KNOWING ALL The réecATive 
MOTIONS INvotvéd LIKE The vehicles SPEED mars MOTION , The €4ArThS Monon, 
tTc. iT wAS POSSIBLE To PredicT The Frequewcy of emissson RECEPTION, 
However AS IT PASSED behind The PLANET, There WAS A BRIEF Period 
in which The vAdio TRANS MISSIONS NAd To PENETTATE The MARTIAN 
ATmos Phere. The resutTING Phase Shiff GAVE A reLATIVE medSOrE of 
The MARTIAN ATMOSPhERE, 

Ilr ws discovérEd ThAT AbovuT 120 KM from Tne surface There 1s 
AN ionosPhere SimitAr TO The E€ArTh’s, IT WAS AN ELECTRON DENSITY of 
AbouT 9x10" €LecTRONS/Cm*. The Pressoce aT The Surface YAS ESTIMATED 
AT AbouoT S MittbATS, However, TAIS Ffieore 1S NOT AGrEeed VPONM by The 
ASTPONOMICAL COMMUNITY, OTher ATIEMPTS USING INFrated LIGhT HAVE INdICHTEd 
Wtaher Pressure LIKE 10-20 Mb, While They Are ATOUING , WE'LL SAY «TS 
About 19h, The tmPorTAWT POINT 1S ThAT The PLANET CAN RETAIN AN 
Atmosphere, Further, The Phase ShifT fits very Necety AN Ex PONENTIALL? 
decAQING FoNcNON oF heioh®T, 

The TEM PErATURE ON Tre Sorface 18 FATKER Low About 230° K. 
There Are SPOTS NEAR The EQUATOR TWAT GET WArKeR, IT I'S INTETEST ING 
To SEE WhAT hAS been {denTified IN The ATMOSPhere 


For MANY YEARS COr hAS been observed by AbSoOrPTION LINES IN The 


iNtrared FEGIONOF The SPECTRUM, Maybe There 18 NOTniING ELSE, RuT PeoPLe 
Ave cONTrIved VATIOUS MOdEL ATMOSPhHEFeS To EXPLAIN ALL The Observed 


Phenomen'A, A STANAUARd ATMOSPhere NOWAdAYS “SONSISTS Of YO% COr 


ANd 60°%Jo NiITTOGEN. Bot The NITTOGEN (5 NOT EASILY SEEN and in Fact, 


There MAX NO pe ANY AT ALL, MAYbe (TS ATGON;| MAYbe WE don'T 
know for Sure. 
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(TT 1S NOW GeNnerALLY Rerreved TW CEALLY Exisy. 
The observaTIONS of The Polar cAPS disAPPERTING 
iS believed TO bE HO VAPOR The 
hat if coutd Mever 


ThAN 


SMALL AMOUNTS oF WATER VAPOR hve beew observed NeAc The POLEs- 
bt Some PEOPLE, BuT 


IN The MAITIAN SPRING 
CONCEMTFATION Of Hrio 15 SO SMALL 
den AMOUNT 


WS GIVEM AS Mmoch LESS 
The “dePTh" of The water if IT condensed ALL over 
The surface. IN onther Words THATS how deer Their oce AN Would be. 


PREQPIT ATE. The 
WY rmicroms or 


IT Ain'T moch WATER! 
In Addinon CO 


hAS Now been Identified USING A beter tnTerteromeTeER 
which vs EVEN CAPAbLE OF deTecT 


(SOTOPES of The Various ELEMENTS, ONCE 
METWANE WAS Observers bot Never found AGAIN. This IS Ver? STTANGe bechuse 
METHANE could NoT €xIsT 


IM EQuilibriuvme WwiTh CO. ANd Ho tecaAuse The 

CH MoLéecule would be ERTERN RIGHT OP bY OXYoEN ATOMS, So MATE There 
ATé UMLE CREATURES ARE MANUFACTURING IT 
There WAVE REEN 


Proresed VArIOUS Theories AbouUT The MARTIAN 
WléATheR. COr. ts A Good Absoroer And HdiATOR of JR LIGhT Which Some how 
EttecTs The Time DurAnoN Of Sortice STORMS Which 
Very 


Tends TO MAKE Them 
LONG, So They miohT LAST A MONTh oR So AT A Time, 


WhaT bo we See ON The SorfAce! Wert, There Are The POLAR CAPS which 
Grow and diminish im & SEASONAL MANNER. BASICALLY The PLANET IS 
Teddish-ovAnce with “bark ATEAS Covering AbouT one -forer™m of srs sertace., 
Thes€ DATK AreAS UNdEToO ChANGES 


Year, Darks “cAnALS” Were ONCE 


In SIZE And coLOR duriwG The mMATNAN 
They were 


Observed by P.lLowett who svegested 
Tre dommes of INTELLIGENT BEINGS. HE WAS A UETY MISGuIDEed (Nd tuid OAL 
But AT The Time he had The best TEeteScoPe ANd bEST ObSETVATIONG Cond iTION 
din Arizona) 80 ThaAT ANY one Who didn'T See Them JUST DIDN'T have 
The RighT conditions, IT 15 The SAME P. Lowel whe 'sAw' VAST fil\mies 


of ANTS MovING ACROSS The CRATER of The MOON. 
However , TiS ANTIQUATEA DEA 


IS GIVING WAY To fF MORE SoPhisncATed 
INTErPErTATION Of WhAT WE See. Now we CLAIM we donT KNOW whAT IT 
IS WE SEE, 


The MARINET ALSO “TOK PicruRES Of CRATERS ON The suctAce Which APPEAR 
LIKE 


The ONES We SEE ON The MOON. This 18 NOT A STARTLING DiscoveRY 
becAvse The MAMAN AIR IS Thin ENOUGK TWAT NETEOCS COLld BOMbArTd IT 
WIThouT bur aine oP, Ther APrxar To have FLATTER boiioms , fre SMALLER Than 
The moon's fd Less tre@uenT, There seems TO be fewer Per square 
fooy TaAn The 


Moon, The reson for This 1S hetieved To be dve To 
The Erosion of The crater Edged Which 


Fitts UP The OTTOMS.SINCE MATS 
1S Closér To he ASTETOId belT Wwe Wovld ExPEcT more so we NE&Ed 
A mechanism of ObliTer ATION TO EXPLAIN Why There Are fewer 


ThAN The MOON. BUT KNOW There ATE TOO MANY UNCERTAINTIES To 
Give AN fccurATE Theory Right Know. 
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IN ONE of MAriNers PicTere of The MAarTiAN HORIZON The APPetrEed A 
SMALL hALO of SCATERED LIGHT Just Above The surfrce. 


WAS ThovehT TO bE A sPor ON The CAmerA LENS 
decided THAT IT WAS A Cloud. Betteved To be A COr Cloun of DRY ice 
SUYbBLIMING NOT cE clLOUPS fs MOFE COMMONLY beLteved. 

The MArkines ON The surface sSomeTmes Disappear. Evew The 
PolAr CAPS Bo This. MAYbe There [8 A biG DvuST STORM PLANET wilde WHIch 
blowS over The Surfnce LEAVING behind A LAYer of diIRT ALL oVEr INCLUDING 
The 1cé. LAtTEr The tce could tedeposiT ove The dirt. More 1 mPportANT 1S 
The Sudden ChANGE IM CONSTRAST Of The vArioUS REGIONS. The Suddent ¥ 
Appear And GraAdvaAltcr fave OuT. The parker AreAS MAY be hiwher 
And The dust Blows off Into The 
Coutd “DiscERn The ChANGE 
Quality of The serface. 


Ar ®iast it 
boT iT WAS LATER 


VALLEYS beTween TridGes. MATINER 
IN BRIGHTNESS HuT IT didn'T TELL VS The 


The FEYNMAN TheoRY 18: BiG fierdS of DARK BROWN POPPIES Get 
Covered with dust And crAP ANd Then ARE BLOWN CLEAN by The GenTLe 
MAVTIAN WINdS. 


When The POLAR CAPS MELTS which 1s reALLP SobLimsn ATION. OF COr 
The surface Features dATKEN in A GeNEer Al direcnon dowNwArd From 


The POLE, Some PEOPLE LIKE Rob LerehTON don'T Thin This 15 A REAL 
Phenomena — This wave of TRATKENING | White Chey CLAIM TO See COLORS 


Such ds bive Awd Greem, IT Think Theyre 
IS NOT AN ObJEecTIVE Process hut depends 
how ONG INTET perts The bAcKGrouNd, 


WYONG tere, Color ludgmenT 
ON The bACKGrouNd ANd 


VENUS 


WE Know VERY LITLE AhouT This PLANET EvEN Trough 17 1S The cosesT 


ONE TO US. WE CAN'T SEE ANY MALKINGS doe To The TWKK CLOUDS Coverinoe 
The whot€ PLANET. We see CAYEets af Clouds 


Which we believe is high IE, That iS, 1T 1s ALMOST cerTAINL? 
IdeutifieD AS (ce becAuse IT has been Fimen ostih Curves ON EAT 


TAKEN from DATA ON Our ATMOSPheRE. COr hAS ALSO been identified 
IN Tre ATMOSPhere, 


If we observe 
MéASsuRE 


AT A TempPerATURE of Z40°K 


Venus AT Microwave Frequencies 3-30cm, we CAN 
The TemPerATURE OF The Surface Due To rAd: ATION: The data 
INdicatTed A SurtAce TemPerATUrE of Around 700°K., Thats 


A DAMN 
hot surtace! WhAT WE See when we use 


04 TO Lom Is 28S°K or 
The TemPerATvre AT higher Ce veLs SINGE The ShorTEr WAVELENGTR 


Don't PeweTrate AS FAC, We are Them LookKING AT Tre Te? of The 
ClOud LAYER, wiht tS IT So hol? 


How CAN The ATMOSPhere be 
Adiabatic rity STAbLE 


wiTh A TeEmPerATOFE GrAdIENT GF NEATLY S00°K.? 
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A Theory Suggests The ATMosPheRE Is verd deeP, Perhaps A hundred 
TIMES The Thickness of OvuRS, lf iT is Thick ENOVGChH, Then IT Good be 
Adi MbATICALLY STABLE As YOO Go hiqher oP, Some Base SoSPECT Some KINd of 


Surface Noise 15 Addin@ to The radtAnon ANd Thus The Suortice IS ACWALLY 
cooler THAN We Think. MAYbe There are A LOT ot RAdio ANd Tv. STATIONS 
TRANS MIMNG ALL This ENERGY! Bot MoST People NOw Accepr This hich 
TEmPErATUFE ANG Seek TO EXPLAIN IT, 

As A thermAL Source 17 EMITS A PrETIVN Nice bLACK bod? SPEcTRUM 
with The INTENSITY GOING AS URTy*dy, FoetunAtery Tre Surtfice DOES NUT cool 
off purine its MLOhT (173 dAYS) or Else we wouid be in REAL Trouble TRY Ime 


TO Ex pLAIN The mechanism RESPONSIBLE. 45 tT STANdS NOW, The Thick 
ATMos Pheve model SEEMS Tobe A PRETTY Good ONE, 


Jupiter 
Now Here cOmMES A VERY INTERESTING STORY Aid There mre MANY ThINGS Te SAY. 
The rAdio emissIONS CAN be SsePATATEd IMTO Two fEGions: The deca md decit- 
METEF Tegions. The decgnmetTer feciow IS below Me/sec And The decimeter 
iS Above G00 Me/sec. 


The decameTeR region tS character: ted by SPor@dic Emission 3, ITS 


ELUPTICALLY CNOT Limearty OF circuLArLY | PoLArmed, Is ExTrEMELY INTENSE ( 

ATTIMES) and The Source 1s small ComPATEd Te The giameTer of eThe 

PLANET C fhoor §-15 Sec of AC “white The PLANET SubjemdS A MinuTE). The 

decimerer CEION 1S characterized by 

ANd Covers AN ATER SeverAe 
Iy hAS been 


POLE cohich 


A STEASY EMISSION , LINCATLY POLATIEed, 
TIMES The PLANETS SITE. 

Soceested That yupiTeR hAS AN INTYINSIC MAGNENC 
IS MoT AXIAL WiTh The SPIN AXIS buT LIES Some 10° o}F 


T ONE€ side. As A resort seNchroTroN FAGIATON Occurs IN The OUTER 

TEGIONS When ELECTCONS GET TTAPPEd IN The field LINES, The axis of The 
Fietd 1S PertodicAlLlLy TIPPING RACK ANd forTh with A hiehly recucar 
Period of 9 hs 5 5™™ 24.37 sec, There 


‘S A Stt@hT VATIATION «tN The 
INTENSITY ot The fieud beine Moré INTENSE IN The PLANE ot The EQUATOR, 


However, The USUAL ENEreY? SPEectTrum From SYNChYOTTON Goes AS 
dE/eS where S 1s @.7 or 28, Fopm Juopter S=t. Sout ts 


Nor AS rAPidlLY decAYING which SoceesT IT MiehT be occurrine IN 
Some ChAoTIC clouds. 


AT ANY TATE SYNChrOTTON LAdIATION (S belLievéd TO be The Source 
of The decimerer EMtSSion ANd Therefore, Pretyy WELL understvdd. 


THE DEcAKMETEr EMISSIONS, 

Now This ts CrAty: AbsoluTEL? CrAZY. The Are LOTS oF borsT And Norses 
Anid oTher Thine’s GOING ON buT More STHTTIING IS A Vert Periodic mAXIEUM 
IN The flecTUATONS. IT Seems ThaT The moon of JuriteR To hfs a 
MAJor Toll IN The observine of This maximum becAuse Whenever IT 1S 


Go° To The LINE of StOhT WE GET A Maximum, Abso When IT Goes 
beTWEEN LS ANd 15 60° PAST WE GeT ANOTher PULSE, 
fades AS iT Goes AWAY. 


INTENSITY 
a Ferd LINE 

To 1S close ENOUGhT To JopiTer To ue IN ao ae 
iTS Ftetd Lines And digQueT The flow of lor of \ 
ELECTTONS ALONG A PAYTICoLAY LINE, AT The a, 
Surthce The MOTION tS TANGEAITINL To The surface 

And AS The fietd rocks back ANd forth we 
GET STYONG PULSES WheN ThAte PLANE IS observed 
NOCMALLY C1E., AT riehT ANGLE 78 our LINE OF SIGAT). 
The FlLuctuATION (S PecultiAr IM’ ThAT The rotTRTOM 

of Jopiter #8 metSured bP ITS red spoT 1S BUEN 


as 9h ss™™ 37%ee which 15 MOT The Period of a ceerk 
OSCILLATION Of The Field AxIS by frboUT 7 Secs. 
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Jupirers ‘ROTATION 


LAST TIME we WERE TALRING AbouT Jupiter fad The APPAT ENT 
UNEQUAL periods of ToTaTON DUE tT The MEd SPOT 
OSCILLATIONS. RecAlL A Jupiter DAY (s OT S5™w 
MAGNETIC Pole Period is 9h SS™™ 37s€¢ which 
FQUAL TO The former, 


find MAGNETIC PoL€é 
2g S€6 And The 


t déefinitecY NoT 


The Red SPor is AN obServed Phenomena of JUPITER which 1S 
ALWAYS There. AT LéAST for The LAST hundted YEArS or so of 
OBSEYVATION S IT ChANGES IT ShApe ANS color A LITTLE buT YEMAINS 
Tied, more of LESS AT The SAME LATITUDE. 1£ We Pick 
ANY Period whatever differewT from A depiter DAY ANd 
PLOT iT Versus The Red SPOT 


Bé comSTANTLY DRIFTNG To one sidé, The seeminolY DRIFTING 
MONON 1S JusT A resuttT of BEING off The Correct 
TOTANONAL RATE, 

i} we Plot The MAcNETIC Pore PEri0od AS A Function 


of roTANonAL ANGLE vs Time for The LAST Mvunddred 
YEACS IT COOKS SOMETHING Screwl LiKe 


1965 
(440 


RATE , IT will APPEAF To 


1960 


“720 480 
So There Isn'T ft PecPEeTVAl DpRittT ANd OVEr The 
The rATE HAS bEEN TATher STEAdY. If we 


Petod The Curve would TemAIN more ofr LESS The same ShAPE 
buT would Be shiffedD in SLOPE A 


hAVE been Ptogposed TO ACCOUNT for This Phenomena. ONE PLACES 


LAST 2S vers 
Picked A defFerenT 


UiITLEe, BAT SeverAt Theortes 


LIKE 
OR MOUNTAIN, OR MAYDRE The moment of 


INETTIA (s ChAaNced somehow, wecl, This iS ANOTher MYsTErY we 
don'T UNdersTANd. 


And That's fee ( 


The bLAME ON ATHMOSPhHErIC disturbances of Some Kind: 
ovee A VOLCAAIO 


cftre To SAY Abouor Tne PLANET . The re 
IS A toT 1 didnT SAY boT 


YOU CAN find THAT IN A GoOT 
ASTrONOMY beok, 
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The Son ANd The Solar Winds 


Now RETURNING To The SUN , | WANT TO TALK AbouT The Solfr 

WINDS ANd oTher YELATED PhENOMENA oN EALTTR AVE TO IT, IM TYING 
é 

To GATKey MATENAL presemrTAble MATErIAL, | GoT INTO A FEAL horneTs 


NEST, Ir Seems NO ONE KNOWS A DAMN ThiING a for Teal. There ATE 
Theor¢es And Some EXPETIMENTS which 


4h you KNOW The Theories” 
The Gererfit td EA 


Sort of ContitM The Theor: 6s — 


1S ThAT The solay Winds come from The corona 
AS AN OUTSTREAM OF PLASMA ANd The EfrTh happens To bE IN The 


WAY, IT DOES NoT Blow PEYFECTLY FEOULATLY, The EArThS MASNETIC 
41ElLd 1s raATwer STTONG ANd DEtlEcTS The PArTNICLES. Thus 'T Serves 
AS A Shield And This 1S AALLEd The MAGNETOSPHERE. The ovTer 
MosT shetl is cALLEd The MAG NETOPAYSE. RETWEEN The MAGNETO 
PAuse ANd The sSmd0Th STTEAM of INCOMING PLASMA There US 

AYESULTING Shock Waves And comfused MESS. orine soLaAr 
busRts The Shock whve Pushes hirder on The MAONETO PAUSE 


which im Tural CAoSES A diSTOPTIOM Ot The EfrTh'S MARONETIC 


Field. The resutT iS MAGNENC Storms or disTurbAnces tN our 
ATMOS Phere, 


MAGNETOSPher e 


SMOOTh 


PLASMA 
Shock 


WAVE a MAGNETO- 


PAUSE 


DuMing VIOLENT SoLAC FLArES 


or SolAr PromiNENCES fA PLoNouNCced 
Cosmic rAY INcCrEASE 


AT €ffTh, When we see A Flare 
LasTéne A couple ot MINUTES, A few minoTeS LATErS WE GET AN INCTEASE 


IN COSmic FAY Flox, This tS BECAUSE The parriclés ALE NOT CompLeTELY 
recanwstic. After The iniTAL rise or SuddEN CommenceMENT, There 
follows in A GAY Or Two ANOTher flux INCTEASE DUE TO The 
PLASMA ShOcK INDUCENG A MAONETIC STOTM. Our recéewT SATELLITES 
have Gontivmed ThAT This plasma €xISTS ONtformLy ANd 18 CONTINOUS. 
The vétocit’ oF The 


iS recorded 


INCOMING PATTICLES AT The earth 


1S frbouT 
Yoo Km boT vAriéS over The ANGE 320-700 Kw . The Fluv 
Séc Beas x 
DENSITY tS GtoEN AS 4 x10% PCoTONS 


or AbouT !0 POOTONS 

Cm>- sec aa. 

The TEmPerfTure of The GAS 1S TEALLY NOT KNOWN bor Nomil ALL? 
Given AS 108-105 OR. 
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The mAgnenc field OuTSidE The EArTH’s MAGNETOSPhere 
Y-Syr 
where Yr lore GAVSS. 


tS Gwen AS 


The flow velocity iS Much higher Than The Therma yetocity and 
The €XTYA ENErGY COMES from The mAGNENIC JIELd. The Thermat 
ENETG? ANd mMAoNneEeTc field Enercy Are foul The SAME 

NKT ~ 


The higher The vetocitlES The fiecer The 


MAGweTIC Field Wwocence Cor 
NérvousNES Kp ) ON EAr. 


The wiwdS ACE bASicALL? Grouped mTo Three TYPES! 
) GewerAt oo>lftow © From coronwA) 
@) JeTS From Stott on The surface 
(3) Sharp Purse Are 


Theory of GeNerAl EMISSION 
We consider The corona ex PANDIN h¥drodPalAmicALty IMTo The 
VAcvUM Atoumd IT, The Curioes Thine IS How The corowh MNINTAINS 
A TemPerature of 10°°K WHILe The Lower suctAce TEMPET ANSE IS Atound 
4000 °K (the Chromo sPhere), The corowA IS EMITTING ANG KICKING oul 
PArTicLes Arr Supersomic verociTiEs Thos whar is lefT behind IS 


Nor AStectTEed by What Leaves. The MCAN Sree PATh of These 
PArTiclLé (tS LArotr Than Severat yon cAdii, 


IT Thew S€EmS ConTTAdicrory To vse The iden of AN INTErACNNG 


GAS When in TACT) We Are describing A COLLIS tOWLEIS SPSTEM. 
dow ever, Even tf The PAYTICLES Do NOT 


INTETHCT Phesicarey, They 

CAN be couPLed ELECTYO-MAGNETICALLY ANd , Therefore NOT COMPLETELY 
IMdepend ewT OF ome AmOTher, BuT This is NOT woRKed oor sarisfactoriey. 
so | 


SorTA OF Avoid The Quesmon of hdW WE CAN TrEAT This 
GAS WYdTOOYNAMICALL?, 


Ay ANY TITE Tre oAs cfn bE descyi bed by ft Pressoré, TéemPerArvre, 
And VELocITY, To Write Tre EQuaATOw of The GAS We hnve 
CONSECVATION Of MATTER evaran = QQ 
To bALKICE Tre frcceLerATine Force s 


Cconnwvous TLow 


~¢P 2 omoe 2 42 sare GrV)v 
dh Re Te 2ST 
= dP ~ GMOP 4. ee wv 
ave so" dA 
sy = yate ot chanoe of ome PomT = 0 
where Bar 
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ConsidErine oN STEAMY? Flow 


dP _~ OM dpe vdv 
a oa 


We CAN INTYoducé The Sree d of Sound Since it tS reLATed to The 
rATE of Chiwce of Pressure wiTh density 


‘2. oP 
Cs d¢ 
OR 
: dP: Cs’ de 
Then 
-Cs'de_ GM grezvdyv 
e ae 
RECALLING 


4anowne =Q we have 
an vatde t 4npatdy t 4navindnr= O 
Aneel MCG i (le eee aS eee el 


—ee 


4npur Q 
c - i 
de 2 du _zda 
de Ww Pe 


-Cetf_ dvi tdan _ Gm dr =vdv 
ay Ay “pe 
r Cs* 5 M da 
%y[ sav -wdv) - -2esda + en d 
wt dv . GM 
Se cae | SON ~- GR \da 
Ee | v C rare hes 


We See if wd Cs ChE, The subsonic YANGE) The Parnete 
CAN INCYE ASE ITS velocity AS The radius increases UNTIL 


IT bEcoMES SUPErSOMNIC. The cyinch Ll PpoinT where IF becomes 
SUPETSOMIC US 


——e Zz | 
Reis Cs* 
Or 2 = GM oot Rene = GM * 
Revit CS” Rsun sun @Cy 
v 
SINCE te Arescaee = 6M font = (ve) 
free Vsuw q es” 


Cransnon Poy 


The Phewomenf 1S LIKE A SuPETSONIC NOZ3 LE SebSNIC Tae 
—> 
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We hAVE ONE IMPOFTRAT Thine To RCING IN And ThAT 15 The 
CONSETVATION OF ENETGY. IN The COTONA The ThermAL ENECGY 
COrYESPONGS To ONLY 0.) KilovolTS while on The enrTh we GET 
About 3.1 KilovotTs. go why The difterence? Actonmtty w The 


CoronA iT tS O.U KV comsiderinG BoTheae £ LECTTONS ANd PrOTONS. 
IF we use A = Sg WE can't Ger More Thin 03 KV IM The 
Coron A. The EAcTWH Sees PAITTICLES GOING AT YSO Ka or AT I-EKV. 


Rot WE Porcor Aboot The SAVITATIONAL ENEror Need Ed TO LUFT 


The Protons AlvA?Y Srom The SYN. This CorvesPondS To & Grau TATIONAL 
Eneroe of ZkKu of To GIVE A TOTAL OF BI KY. 


Bet The PLASMA 15 cowTWUALLY beING heATEd LIKE A NO22LE 
with AN At terburnet, There muST be Some mMEechANISM Sor G ENETATING 
MOISG OoT beyond The CoronA because There 1S A helluva g lot 


of ENETGY OT IN ThaAT SUPET SONIC FANGE, The EMISSION from 
The Sun ObviowlY MusT NOT be Pore ANA YEGOLAY. 


Magnetotail 


Deflected solar 
wind particles 


Incoming solar 
wind particles 


Plasma sheet 


Neutral sheet 


Earth's atmosphere 
0-100km 


Bow shock 


Magnetosheath 
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Theory of The Corona 


LAST TIME WE were diIScuSSING The MECHANISM Of coronal etbects 
ON cosmicsS RAYS. ONE MAJOR Problem WAS how To ACCOUNT for The 
LAteeE AMOUNT Of  ThermAL ENETOY PEC Cobic foot AT AISTRNCES Of 
Zson Radii. AT ThAT PoInT The SEPAYATION beTeenw sob And 
Supergonic velociTi€S occurs. ReYOond This Point ANd OoT RS FAR 


AS 40 RO There 1s Proposed A conSTANT ThermAL bLANKET ot 
Nearly 1S x10 °K. Why it This recioN So tSoThermAL 2 


There muST be A bt ThermfAt conducnvitTY IN ThiS ReGaion 
such That There tS A very TAPId heat Floxn From The surf Ace 
ON oo T TO CORO. Now To undersTANd whi The ConducthiuiT? Could 
be Seo hiokh WE MUST ANALYTE The PLASMA STEAMING OT, IT Consists 
of WiGh En€fery ProTONS ANd ELECTRONS. So we have A Two 
COMPONENT GAS IN Which The ProTOoNS ATE MOVING ftbout Go Km/sec 
Through The SubSowic S$ ZONE. BuT The ELECTRONS AYE tooo Times 
Lighter ANd would Thus be Accelerated NEATLY 40 (~ {doo} Times 
troTer THAN The Speed of Sound, So They egeeer Literally Leave 
The PprotONS STANdiA‘® STILL ANd TrAvet Ahend of The MAIN PLASMA 
STrcAM. They Thew Serve AS A COMMUNICATION CArFYING The hoT News 
trom The boTTom oF The coroniA t The far out Féewions, So This 
WoTkermAL PropostiON ts No LonGer impossible To bevieve. There 
This 1S The UNEXPLAINGd MELhANSM of heat GeENerATION ; WheTmer 
Or NoT IT IS some whip LiKe PhenomewA CéESYLIING From Noise AT 
The Lower Levee Is MoT WELL ESTADLS hed. 


10 «Determine The eC QUitibtivum CcondiNon im The Corona we mousT 


Study The déeree ot (OMIZANION OF Mort ECXxPliciTEy Tre ProbA bitiry 
oF reombin ATION. IN The 


Low density of The coromA The rate of 
TAdiANVvE cAPTUCE of 


ONE ELECTYON by AN ION tS GIVEN b? 
T 
a + 
Leta agen ¥ 
BuT A More ProbAbLEe TEACTION 15 Where The firsT elecTrom Excires 
Tre ion TO A hiehey Léevet Permitinge The capture of Two - 


ELECTYONS., This fEACTION 1S Muh more tMPOTTANT for iT GIVES 
A cocrectiom TO The Expected TEMPerATUre IN The Corona, 


2.01 


The Character ot The Macnetic Fi€éld in The PLASMA 


ir 1S SATE To SAY The 


SUN YOTATES ANd AS 
iT Turns The 


iT GOES found 
CoronA with IT; AS THe oT AS 


lORO, Tris 
CorDmAL JUNK ACTS AS A perfect cdmductOR ANd Thus TrAPS 


The MAGNETIC FIElLd IN The MATTER. This menus The tleEtd is iN 
TUYN TOTRTNG With the whole SYSTEM. As These Lintés Are Polléd 


ouT, They form a radial field But Are ALTETNATELY Positive 
ANd NEGATIVE — LIKE Pulled out TAFFY. 


+ Positive 


—— } NEGATIVE 


cae 


= } Positive 
Si€ud Line ai . 


The 


ALTEYNATING Figid LINE BUSINESS 1S MOT PLEASING To ME. This 
MEANS OUTGOING ANd 


INCOMING 
COMING verr close 


Lines with opPpositAe Chatce Arce 

TO €Ach OTher ~ WE'LL come bACK TO TWis, WE YeALIzE 

Now TnhaT MATECIAL SQuivT ouT From The surface follows These Urnes, 

IT LooKS Like ONE of The LAWN SPrINKLEd TAT Spins frtounid AS The 

WATEL COMES OUT. The WATEF comes ouT iN A NICE LOGATITHMic SPIRAL 
We Ro wither, See This GAtdenw Speinkier effecT AS verified 


by The Ih P ANd MACINGL SPAce ProREes, So TRIS 18 A Good Theory TO 
@uide Us 


IN UNdETSTANG ING Tre SATA. BoT iT hats NOT been checked 
Too CAtefuily And When They WEE TRYING To MmenSure A few GAMNMAS 


of So.Ar +ieud , Ther Got con fused by induced fietd within The 
SpAcecrAtT Mert. her 


hid A REAL Problem 1s compewSATING for 
These Errors, 


Mariner WAS shown Twat There exists A MAGNETIC field Com poneny 
IN F PLANE PATALLEL TO The €cliPptic ANd iT ALWAYS hAS The SAME 
St@NS . ThaT 13, The Norm At 

iTS Aboot 


COMPONENT Which should bE TEL ISN'T. 
1 iM STYENGTh LorTW The sAme SION, 


400 Key sec 
—_—> 


w“ jt t 
These “Down: POINTING LINES 


MOVE OUTWward 
Good VELOCITIES 


NW ATACAL FASHION wiTh 
And Yepresent A heituvA Lor of Flux — much more 
THAN 18 IN Tre BtPoLe of The sum. This 1S 
world we 


A r€ AL pDeiRry 
LiME IN > Every bodies crazy! 


KOZ 


We cerTAintY Need SOME SOrt of ThEOry To unidersTANd WhY 70-80% 
of The fierd LINE Are Observed GOING Down. AS IT Turns OUT Though, 
Wwe Wwoold Expect mMosT of The tretd LIMES To be directed Down wAtdly 


becnuse when we discussed The fiertdS from The SuN SPOTS we 
SAw how ONE 


spot formed A Linte Behind ANd NorTury from The 
LevkdinG SPoT. AS The spots dittuse And SPPEAd Their POLATIZATION 
The fietd of The Sun 


IS NOT A YEAL DIPOLE. tw tacT, The AvErAGiNnGe 
ek4fecp Of The Northern ANd Southerm hemispheres mMtohT stil 


LEAVE Am NET PosiTIVE charGe Over more TWAN TT hatt The 


sunt As These tines ave sQuiuTed OvtT They Cross The 
ECLIPTIC IN A dOWNWACd “DIRECTION 


By no Means 1S THis Theory comPLETE JusT AS IT 1S 1ecOomMPLETE To JudGE 
AN INTESrAL be OME Pont, 


THEORY of PETScheK 
C The fellow inG tS A Poor fEeProducnom ot FeYNMAN'S TALK) 


RETVENING To This Problem of OPPOSING TiEtd Lines] WANT TO 
BiScuss A very INTETESTING Thedry devetoped by A Fellow NAMEd 
Petschek, If we have rnso opposing fi€td Lines ruNNING close 
To €ACK oTher, AN UNSTABLE SITVANON “tll resutT tf The Limes AE 
SQvueeted ToOGETher, PetscheK Proposes ThAT The squeetine 
TEACHES A POINT of @F bAEAKdowN where A “hole” 18 formed 
which ACTS 


AS At fretd SINK PutliInGe IN Moré ANd Moré LINES 
GENECATING TYEMENdOUS Joul€ heAMING AT The POINT of BREAK dow, 


SSE NEWLY formed fiedd LINES 


OulwaArd Movin @ 


 REAK Dow Ponty 
The PetscheK Process 


ONE where 
Lines, 


IS AcTUAILY AN ANNTMALATION -RECONSTRICTION 
closely PAcKed fsetd Lines break off ANd form New 

SOMETHING VETY IMPOTTANT. 
IT could very wetl €xPLAIN SoLfr FlAVEes ANd Eftecr soLlfAr winds 
But 


more Than THAT 1T could bee CONTAIN SOMETHING IMPoOrTANT TO 
Our UNAETSTA Ndi G ot mAoNeTie fields in GEWeEe>rAL, 


( Think he WAS JusT discovered 
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There 1S A Ure more t 


WANTEd TO SAY A bout SolAYr winds. 

If we Look AT Solty Flare AeTIUITIES WE rEeALIte TWAT Thex Throw 
ovT VUNK AT DitterewT YATES. Gome Kick hacder THAN Ot hers. 

> Owine TO The Solar roTATION IT US high PrabAbilLem That Twd 
CLOSELY OoccurrintG sotAr FilArEsS Could oveEerLAP ANd Generate A 
Sthock Wave, 


» ~~ eaalision of PLASMA 
FLAYE Pill 


—_ 


FAST FLATE 


When Tre second LUMP of PLASMA ovEeTTAKES The Fiest, There is ff 
detwiré Shock resetTNe Which WE have 


NOT €xPLAINEd To ANY LENGTH. 
ThAT more or LESS wrAPS Thines uP fer Ths years 


LécTure, 
FRANKLY , I'm GtAd To see The End ComE ; This MATErIAL HAS ComPLeTery 
SwAmPed mE And | CAN'T Give 
TALKS ANY More 


com Prehenwsi ble ANA INTEC ES HANG 
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